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Theoretical 
Framework
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Physics Motivation & Theoretical Framework

• Identification of stable, massive, single charged Long-Lived 

Particles (LLPs) traversing the ATLAS volume (SMP)

• Signature of Stable Massive Particles (SMP)

• Electrically Charged

• Large mass

• Slowly moving (low 𝛽) 

• Considered stable on detector
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Benchmark SUSY Models
• Data: Full Run 2 data in GRL (Good Run List) 2015 to 2018

• Signal MC: Three benchmark SUSY models predicts the pair production of long-lived 

particles.

• Staus (෤𝝉): GMSB (mixed/unmixed states)

• Charginos (෥𝒙𝟏
±): AMSB

• Gluino R-hadrons (෥𝒈): Split-SUSY Charges: {0, ±1, ±2}

Mass range Lifetime

෤𝝉 400 GeV - 1 TeV 3000 ns

෥𝝌𝟏
± 400 GeV - 1 TeV stable

෥𝒈 1 TeV – 3 TeV stable

Leonidas Fountas, PhD Candidate 

Proton-proton collisions are expected to yield the pair production of these particles
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The ATLAS Muon Spectrometer

Cross-sectional view of the ATLAS muon spectrometer 

RPC nanosecond-level resolution provides the precise timing needed to calculate track velocity
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Velocity Measurement 
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Velocity Measurement via Time of Flight (ToF)
• The analysis is based on the Time Of Flight (ToF)

• The ToF is the time elapsed for a particle to travel from the collision point to RPC hit

• Heavy Long Lived Particles (LLPs) travel significantly slower than the speed of light

• We use the Resistive Plate Chambers (RPC) in the Muon Spectrometer barrel to 

measure the time of arrival of the particle at different layers

• The RPCs provide precise timing information (nanosecond-level resolution) essential 

for identifying slow-moving charged particles

• β is calculated using this formula:

𝛽 =
𝐿

𝑐 ∙ 𝑇𝑜𝐹
• Track β is estimated by combining ToF values across all

calibrated gas gaps using this formula:
1

𝛽
=
(𝑡0 + 𝐿/𝑐)

𝐿
→ 𝑚𝑒𝑎𝑛 𝑜𝑓

1

𝛽
→ 𝛽 𝑜𝑓 𝑠𝑙𝑜𝑤 𝑡𝑟𝑎𝑐𝑘

L represents the particle
flight distance from the
collision point to the RPC hit.

Leonidas Fountas, PhD Candidate 
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Velocity Measurement - Challenges

• Hardware & Timing Issues

• Electronic delays and variations in cable lengths across different 

RPC panels require a "time zero" reference for all detector 

elements

• Reconstruction & Algorithmic Issues

• Standard ATLAS reconstruction algorithms assume all muon-like 

particles travel at the speed of light β≈1

• For slow particles, this assumption leads to overestimating drift radii

• Simulation Accuracy (Data/MC Discrepancy)

• Monte Carlo simulations might mismodel the detector response and 

hence the analysis sensitivity and signal efficiency
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Hardware & Timing Issues - RPC Timing Calibration 𝐭𝟎
• To fix this we use relativistic muons from 𝑍 → 𝜇𝜇 decays using the Z Tag & Probe method

• This directly affects the true Time of Flight (ToF) and velocity β calculations:

𝑇𝑜𝐹 = 𝒕𝟎 +
𝐿

𝑐
, 𝛽 =

𝐿

𝑐 ∙ 𝑇𝑜𝐹

• Since β≈1, any deviation from the expected arrival time determines the hardware offsets 𝑡0
• Two-Step Offline Procedure:

• The Panel-Run Level corrects for periodic variations across different data-taking runs.

• The Strip Level corrects for elemental variations at the individual RPC strip level.
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Reconstruction & Algorithmic Issues
• Standard ATLAS muon reconstruction assumes particles travel at the speed of light

• For slow-moving LLPs, this assumption overestimates drift radii, resulting in poor 

segment fits and track reconstruction.

The Solution is MuGirlLowBeta Algorithm

• The Inside-Out approach extrapolates Inner Detector (ID) tracks towards the Muon 

Spectrometer (MS)

(a) Correct Segment reconstruction for β≈1 particles (b) Incorrect segment reconstruction due to overestimated drift radii for β<1 particles
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Simulation Accuracy - β Smearing Procedure
• RPC signal time (t0​) is biased by physical factors (cable lengths, electronic delays shifting run conditions) and is 

not perfectly modeled in simulation, leading to a discrepancy between Data and MC β distributions.

• Added mathematical "noise" to the β values in the MC signals 

• A smearing function is applied to the simulated β using a sum of three random components (one Gaussian and two 

Breit-Wigner functions):

𝛽𝑐𝑜𝑟𝑟𝑒𝑐𝑡
𝑀𝐶 = 𝑓 𝛽 − ҧ𝛽𝑀𝐶 + ҧ𝛽𝑑𝑎𝑡𝑎 + 𝐺 0, 𝜎𝑔𝑎𝑢𝑠 + 𝛣(0, 𝜎𝑏𝑤

1 ) + 𝛣(0, 𝜎𝑏𝑤
2 )

where 𝑓 is the sharpen factor with the fixed value of 0.7

• Since background is entirely data-driven, this correction only affects signal MC samples for final limit extraction

The β distributions

The smeared β 
distributions
(corrected by
equation)
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Triggers



Leonidas Fountas, PhD Candidate 14/42

Triggers
• Single-muon triggers: Capture relatively fast LLPs (β > 0.65) in the current bunch crossing.

• Late-muon triggers: Capture slower particles (0.4 <β< 0.8) arriving at the next bunch crossing.

• MET triggers: Fallback mechanism for events where the LLP is entirely missed by the muon 

tracking

Trigger Overlap: These two triggers look at different bunch crossings, resulting in a 

negligible overlap. This ensures statistical independence, significantly simplifying the 

mathematical combination and the treatment of systematic uncertainties.
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Pre-selection and Efficiencies
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Total Reconstruction efficiency for signal MC

• 𝜖𝑠𝑡𝑎𝑢𝑠(𝜂) =
𝑅𝑒𝑐𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑆𝑡𝑎𝑢𝑠 (𝑀𝑢𝐺𝑖𝑟𝑙𝐿𝑜𝑤𝐵𝑒𝑡𝑎)

𝑇𝑜𝑡𝑎𝑙 𝑇𝑟𝑢𝑡ℎ 𝑆𝑡𝑎𝑢𝑠

• Reconstructed Staus are selected by matching with truth Stau particles using ΔR < 0.05

• Discrepancy at central region(|𝜂|<0.1) and transition regions

• Lack of RPC cover requires the Stau track 0.1<|𝜂|<1.05

Ef
fi

ci
en

cy

η
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Efficiency Calibration & Scale Factors via Tag & Probe

• The reconstruction efficiency is calculated from data using the Tag & Probe method

• We select 2-muons events (Tag & Probe muon) in Data and MC using 𝑍 → 𝜇+𝜇− events

• We apply very strict criteria to tag muon, the second muon is automatically defined as the Probe

• Probe muon reconstruction efficiency is verified requiring ΔR < 0.05

• 𝜖𝐷𝑎𝑡𝑎 =
𝑅𝑒𝑐𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑏𝑒𝑠 𝑚𝑢𝑜𝑛𝑠 (𝑀𝑢𝐺𝑖𝑟𝑙𝐿𝑜𝑤𝐵𝑒𝑡𝑎)

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑏𝑒𝑠𝑚𝑢𝑜𝑛𝑠

• 𝜖𝑀𝐶 =
𝑅𝑒𝑐𝑜𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑏𝑒𝑠 𝑚𝑢𝑜𝑛𝑠 (𝑀𝑢𝐺𝑖𝑟𝑙𝐿𝑜𝑤𝐵𝑒𝑡𝑎)

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑏𝑒𝑠 𝑚𝑢𝑜𝑛𝑠

• Corrects MC simulation to real detector behavior with Scale Factor (applied to signal MC)

• SF =
𝜖𝐷𝑎𝑡𝑎

𝜖𝑀𝐶
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Track pre-selection criteria

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒

𝑝𝑠𝑒𝑢𝑑𝑜𝑟𝑎𝑝𝑖𝑑𝑖𝑡𝑦 𝑟𝑎𝑛𝑔𝑒 0.1 < |𝜂| < 1.05

𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 > 30 𝐺𝑒𝑉

𝑖𝑚𝑝𝑎𝑐𝑡 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟
|𝑧0𝑠𝑖𝑛𝜃| < 0.5

|𝑑0|/𝜎𝑑0 < 3.0

𝑜𝑣𝑒𝑟𝑙𝑎𝑝 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑘𝑒𝑒𝑝

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑅𝑃𝐶 ℎ𝑖𝑡𝑠 > 4

𝑓𝑖𝑡𝑡𝑖𝑛𝑔 𝛽 𝑒𝑟𝑟𝑜𝑟 < 0.11

𝑓𝑖𝑡𝑡𝑖𝑛𝑔 𝜒𝟐/𝑑𝑜𝑓 < 2.2

𝑐𝑜𝑠𝑚𝑖𝑐 𝑟𝑎𝑦 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (𝑠𝑡𝑎𝑢, 𝑠𝑡𝑎𝑢) Δ𝑅𝑐𝑜𝑠 (𝑠𝑡𝑎𝑢, 𝑠𝑡𝑎𝑢) > 0.04

𝑐𝑜𝑠𝑚𝑖𝑐 𝑟𝑎𝑦 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (𝑠𝑡𝑎𝑢,muon) Δ𝑅𝑐𝑜𝑠(𝑠𝑡𝑎𝑢,𝑚𝑢𝑜𝑛) > 0.04

Muon Stau 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒

𝑝𝑠𝑒𝑢𝑑𝑜𝑟𝑎𝑝𝑖𝑑𝑖𝑡𝑦 𝑟𝑎𝑛𝑔𝑒 |𝜂| < 2.5

𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 > 20 𝐺𝑒𝑉

muon Identification Medium

𝑖𝑚𝑝𝑎𝑐𝑡 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟
|𝑧0𝑠𝑖𝑛𝜃| < 0.5

|𝑑0|/𝜎𝑑0 < 3.0

𝑜𝑣𝑒𝑟𝑙𝑎𝑝 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑘𝑒𝑒𝑝

isolation points PflowTight_FixedRad

overlap removal keep

𝑐𝑜𝑠𝑚𝑖𝑐 𝑟𝑎𝑦 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (muon,𝑚𝑢𝑜n) Δ𝑅𝑐𝑜𝑠 (muon,𝑚𝑢𝑜n) > 0.04

𝑐𝑜𝑠𝑚𝑖𝑐 𝑟𝑎𝑦 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (muon, 𝑠𝑡𝑎𝑢) Δ𝑅𝑐𝑜𝑠 (muon, 𝑠𝑡𝑎𝑢) > 0.04

𝑑𝑜𝑢𝑏𝑙𝑒

− 𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (𝑚𝑢𝑜𝑛, 𝑠𝑡𝑎𝑢)
Δ𝑅(𝑚𝑢𝑜𝑛, 𝑠𝑡𝑎𝑢) > 0.05
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Signal Regions (SR)
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Signal Regions (SR)

Cleanest Search Channel
Criteria: Events with exactly 2 reconstructed 

Staus tracks and 0 additional muons.

2Stau

1Stau1Mu
Mixed Velocity Signatures
Criteria: Events with 1 Stau track and 1 normal 

Muon track.

1Stau0Mu
Missing Track Scenarios
Criteria: Events with 1 Stau track and 0 additional muons.

Highly beneficial for R-hadron models where one of the two 

particles can be neutral.

Common Selection Criteria

Events must pass a logical OR of primary single-muon, late-muon, and 𝐸𝑇
𝑚𝑖𝑠𝑠 triggers

Three signal regions
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Selection Criteria Comparison
Region 2Stau 1Stau1Mu 1Stau0Mu

Track Count 2 𝑆𝑡𝑎𝑢𝑠 1 𝑆𝑡𝑎𝑢 + 1 𝑀𝑢𝑜𝑛 1 𝑆𝑡𝑎𝑢

Charge Sum ෍𝑄 = 0 ෍𝑄 = 0 𝑁𝑜 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡

𝑚𝑑𝑖−𝑡𝑟𝑎𝑐𝑘
𝑚𝑑𝑖−𝑡𝑟𝑎𝑐𝑘 > 110 𝐺𝑒𝑉 -

Transverse Mass (𝑚𝑇) - - |𝑚𝑇 −𝑀𝑊| > 20 𝐺𝑒𝑉

Velocity Cut 𝛽1,2 < 0.98 𝛽 < 0.97 𝛽 < 0.97

Transverse 
Momentum

𝑝𝑇1,2 > 60 𝐺𝑒𝑉 𝑝𝑇 > 60 𝐺𝑒𝑉 𝑝𝑇 > 60 𝐺𝑒𝑉

Mass binning strategy

Control Regions min 𝑚𝑝𝑜𝑠, 𝑚𝑛𝑒𝑔 : 50,100,200 𝐺𝑒𝑉 𝑚: 50,100,200,300 𝐺𝑒𝑉 𝑚: 50,100,200,300,400 𝐺𝑒𝑉

Signal Regions mpos: 200, 𝑖𝑛𝑓 𝐺𝑒𝑉 & mneg: 200, 𝑖𝑛𝑓 𝐺𝑒𝑉 𝑚: 300,400,500, 𝑖𝑛𝑓 𝐺𝑒𝑉 𝑚: 400,500,600,700, 𝑖𝑛𝑓 𝐺𝑒𝑉
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Background 
Estimation
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The ABCD Method
• The ABCD method is a data-driven technique used to estimate the background yield in 

a specific Signal Region (Region A) where MC simulations might be unreliable or 

insufficient.

• It relies on two kinematic variables (x,y) that are statistically independent (x does not 

depend on the value of y) for the background processes

• The plane spanned by variables x,y is divided into 4 orthogonal regions using a single 

threshold cut for each variable

• Region A (Signal Region): Target region where the physics signal is expected to 

maximize based on the signal properties.

• Regions B, C, D (Control Regions): Orthogonal regions, designed to be signal-

depleted.

• Due to the statistical independence of x,y, the ratio of background events in two 

regions defined by a cut on one variable is equal to the ratio in the other two regions 

defined by the same cut:

𝑌𝐴
𝑏𝑘𝑔

𝑌𝐵
𝑏𝑘𝑔 =

𝑌𝐶
𝑏𝑘𝑔

𝑌𝐷
𝑏𝑘𝑔

• Assuming signal contamination in the control regions is negligible 𝑌𝑖 ≈ 𝑌𝑖
𝑏𝑘𝑔

𝑓𝑜𝑟 𝑖 ∈

{𝐵, 𝐶, 𝐷}, we can estimate the background yield in the Signal Region 𝑌𝐴
𝑒𝑠𝑡:

𝑌𝐴
𝑒𝑠𝑡 =

𝑌𝐵 ∙ 𝑌𝐶
𝑌𝐷
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Background Estimation - Overview
We use a fully data-driven ABCD method, relying on the independence of track pT and β

• True SM background is negligible

• Background comes from normal muons with mismeasured velocity (β)

• Estimate background in high-𝒑𝑻, low-𝜷 region A by

𝒀𝑨
𝒆𝒔𝒕 = 𝒀𝑩 ∙

𝒀𝑪

𝒀𝑫
𝑌𝐴,𝐵,𝐶,𝐷 are number of events in corresponding region

• Background mass distributions in the Signal Region (A) are modeled by randomly 

sampling momentum and β distributions from control regions

Independence track pT - β
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Background Estimation
SR1Stau1Mu, SR1Stau0Mu

• Region A (Signal Region): 𝑝𝑇 > 60 𝐴𝑁𝐷 𝛽 < 0.97 – Required High pT, Low β
• Region B, C, D: Control regions used to predict the background yield in A

• Estimation Formula: 𝒀𝑨
𝒆𝒔𝒕 = 𝒀𝑩 ∙

𝒀𝑪

𝒀𝑫
𝑌𝐴,𝐵,𝐶,𝐷 are number of events in 

corresponding region
• Mass Estimation: Background mass shape in Region A is derived by randomly 

sampling the pT and β distributions from Regions B and C.

SR2Stau

• Region A (Strict Signal Selection): Both tracks must satisfy pT > 60 GeV AND β < 0.98
• "At Least One" selection Logic for Control Regions:

• To increase statistics in B, C, and D, the selection is relaxed.
• Region C: Both tracks must have β < 0.98, but at least one track must have pT < 

60 GeV
• This ensures orthogonality with the signal region while maximizing the data 

available for estimation
• The mass estimation uses 2-dimensional histograms to account for potential (though 

minimal) correlations between the two tracks
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Pre-fit Background Yields & Signal Contamination

𝒀𝑩 𝒀𝑪 𝒀𝑫 𝒀𝑨
𝒆𝒔𝒕 𝒀𝑨

𝒅𝒂𝒕𝒂 𝒀𝑨
𝒔𝒊𝒈𝒏𝒂𝒍

data ǁ𝜏𝐿+𝑅 ǁ𝜏𝐿+𝑅 data ǁ𝜏𝐿+𝑅 ǁ𝜏𝐿+𝑅 data ǁ𝜏𝐿+𝑅 ǁ𝜏𝐿+𝑅 estimation data ǁ𝜏𝐿+𝑅 ǁ𝜏𝐿+𝑅

SR2Stau 91238 <0.01 5026 0 135996 0 3372 ±50 3548 4.07

SR1Stau1Mu 402655 0.019 46523 0 458226 0 40881 ±209 39577 8.96

SR1Stau0Mu 12163167 <0.01 6204879 0 63887100 0 1181318 ±601 1182081 1.63

Good baseline agreement data - background closure
This table verifies that the signal contamination in our control regions is negligible
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Background Validation & Yield Corrections
• Background estimation relies on pT and β independence, but mass sampling depends on 

momentum and pseudorapidity: 

𝑚 =
𝑝

𝛽𝛾
=
𝑝𝑇 ∙ cosh(𝜂)

𝛽𝛾

• This dependence causes a mismodelling in very low-mass regions due to an incomplete 
description of the η-dependent mass thresholds from 15 GeV (η=0) to 24 GeV (η=1.05)

• Requires a low-mass correction by implementing an η-aware background estimation 
performed in specific η bins.

1Stau0Mu1Stau1Mu2Stau
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Tail extrapolation
• In high-mass Signal Regions, raw data statistics are insufficient. We use tail extrapolation to 

generate robust background templates
• High-mass background estimation is derived by fitting the tails of the momentum and β

distributions (high-p, low-β)
• We model the low-β tail using a one-sided Crystal Ball function (in C+D regions) and the high-

momentum tail using either a power-law (for 1-Stau) or an exponential polynomial (for 2-Stau) 
in the B region.

• We use raw histograms when statistical uncertainty <10%, smoothly transitions to fitted 
models in low-statistics region

Shows the power-law fit 
to the high-momentum 
tail

Displays the continuous, 
statistically robust background 
mass distribution generated 
from the extrapolated 
templates, essential for high-
mass signal searches
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Validation in the Control Regions
• To validate the data-driven ABCD background estimation framework, five orthogonal control 

regions are defined to target specific Standard Model processes:
𝑍 → 𝜇+𝜇− 𝐶𝑅𝑍2𝑆𝑡𝑎𝑢𝑠 𝑎𝑛𝑑 𝐶𝑅𝑍1𝑆𝑡𝑎𝑢1𝑀𝑢 , 𝑡 ҧ𝑡 𝐶𝑅𝑍2𝑆𝑡𝑎𝑢𝑠 𝑎𝑛𝑑 𝐶𝑅𝑍1𝑆𝑡𝑎𝑢1𝑀𝑢 , 𝑎𝑛𝑑 𝑊 + 𝑗𝑒𝑡𝑠(𝐶𝑅𝑊)

• Closure tests are performed in these regions to ensure the reliability and validity of the ABCD method
• Each control region implements the exact background generation pipeline used for the pre-signal 

regions, which includes establishing a local ABCD plane, performing the yield estimation, sampling the 
p and β parameters from regions B and C, and applying the corresponding tail extrapolations and low-
mass yield corrections.

• The method demonstrates strong statistical closure when comparing the estimated yield against 
observed data across all configurations.

Orange shows agreement with 
the actual data points in black
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Systematic 
uncertainties



Leonidas Fountas, PhD Candidate 31/42

Signal Systematics uncertainties

Uncertainty Source Value / Impact Description 

Cross-section
Dependent on benchmark 

signal mass 4% to 20%
Calculated at NLO in alpha_s + NLL soft gluon 

resummation.

ISR Modeling 1% to 6%
3 types of generator variations (scales, CKKW-L 

merging, parton shower/radiation tunes).

Muon Trigger (Fast) ± 10%
Half of maximum deviation between Data and 

MC in validation regions.

Single-Muon Trigger (Slow) ± 6.6%
Flat uncertainty assigned to in-time triggers for 

slow-moving particles.

Late-Muon Trigger (Slow) ± 9.1%
Flat uncertainty assigned to out-of-time triggers 

for slow-moving particles.

Stau Reconstruction Efficiency ± 1.0%
Half of the maximum difference on scale factors 

between Data and weighted MC.

Stau selection efficiency 7%
Half of the maximum difference on scale factors 

between Data and weighted MC
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Background Systematics uncertainties

Systematic Source 2Stau 1Stau1Mu 1Stau0Mu

BkgEstYIELD
(ABCD Boundary Changes)

Very Low Impact(~1% to 2%) Very Low Impact(< 1.5%) Negligible(< 0.5%)

BkgEstETA
(Detector Geometry)

Dominant Effect(Up to ~70%)
Significant Effect(~16% to 

30%)
Moderate Impact(~14% to 

17%)

BkgEstFromHIST
(Shape Extrapolation)

High Impact(~49%) Dominant Effect(~56%) Dominant Effect(~29%)

BkgEstSTAT
(Statistical Fluctuation)

Negligible(< 0.4%) Negligible(< 0.9%) Negligible(< 0.6%)
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Final Results
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Mass Binning
• To improve Sensitivity instead of treating the entire Signal Region (SR) as a single "box," the data are 

divided into multiple mass intervals (bins).

• In the very high-mass bins, the expected background is nearly zero.

• This strategy significantly improves the final exclusion limits.  
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Introduction to the Statistical Fit

• Perform likelihood fit of signal strength 𝜇𝑠𝑖𝑔 ​ and three background normalization 

factors (one for each region) to data, including the multiple bins of the lower-mass 
Control Regions and the high-mass Signal Regions

• Normalization of the simulated background estimation will be corrected to the observed 
data yield

• Systematic uncertainties are included as nuisance parameters
• Ensure that the geometric background uncertainties are de-correlated across the mass 

bins to maintain a conservative statistical approach
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Data in the Signal Regions
• No excess was observed. The number of events seen in the Data matches the 

Background predictions

Unblinded results



Data in the Signal Regions
• Exact number of events we recorded in the Signal Regions for each Mass Bin. The number of events 

seen in the Data matches the Background predictions

• On the high-mass tails around 200+ GeV, the background drops to zero, matching the observed data 

and this allows for limit setting using the 800 GeV benchmark signal.

Signal
Regions

bin
lower edge 

[GeV]
upper edge 

[GeV]
data yield background estimation post-fit yield ǁ𝜏

𝐿+𝑅
800 GeV (pre-fit) signal yield

2Stau

1 50 100 111 111.63±16.40 0.0±0.0

2 100 200 12 11.24±2.96 0.0±0.0

3 200 ∞ 0 0.14±0.10 0.93±0.02

1Stau1Mu

1 50 100 3075 3074.21±347.74 0.0±0.0

2 100 200 283 281.79±34.03 0.0±0.0

3 200 300 11 13.02±2.85 0.0±0.0

4 300 400 3 2.29±1.08 0.0±0.0

5 400 500 0 0.51±0.34 0.0±0.0

6 500 ∞ 0 0.19±0.15 1.88±0.03

1Stau0Mu

1 50 100 78892 78891.05±8617.96 0.0±0.0

2 100 200 5676 5676.28±664.23 0.0±0.0

3 200 300 197 199.08±30.33 0.0±0.0

4 300 400 26 26.18±4.28 0.0±0.0

5 400 500 8 5.88±1.12 0.0±0.0

6 500 600 2 1.66±0.41 0.0±0.0

7 600 700 0 0.55±0.21 0.03±0.00

8 700 ∞ 0 0.23±0.11 0.43±0.01
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Fit Health Checks
Before trusting the results, we must ensure the statistical model is healthy and behaving 

as expected

• We check if the corrections made by the statistical framework TRExFitter to the 

background are reasonable. In the 1-stau regions, the background normalization are 

very close to 1, confirming that the ABCD method was accurate

• The systematic uncertainties with the highest impact ranking are related to stau track 

reconstruction and selection weights

• The signal normalization factor μsig or μ෤𝛕 was fitted to zero.
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Impact of systematics uncertainties

Uncertainty
𝒑𝒑 → ෤𝝉

𝑳+𝑹
෤𝝉𝑳+𝑹

𝒎෤𝝉𝑳+𝑹
= 𝟖𝟎𝟎 𝑮𝒆𝑽

𝒑𝒑 → ෤𝝉𝟏෤𝝉𝟏
𝒎෤𝝉𝟏

= 𝟔𝟎𝟎 𝑮𝒆𝑽
𝒑𝒑 → ෤𝝉𝟐෤𝝉𝟐

𝒎෤𝝉𝟐
= 𝟕𝟎𝟎 𝑮𝒆𝑽

𝒑𝒑 → ෥𝝌𝟏
±෥𝝌𝟏

±

𝒎෥𝝌𝟏
± = 𝟏𝟐𝟎𝟎 𝑮𝒆𝑽

𝒑𝒑 → ෥𝒈෥𝒈
𝒎෥𝒈 = 𝟐𝟎𝟎𝟎 𝑮𝒆𝑽

Stau track 
selection

10.3 10.1 10.2 9.7 7.5

Mass mis-
modeling

8 8 8 8 8

Theoretical 
Cross-section

4.1 4.4 4.8 9.3 19.5

All 
uncertainties 

combined
20 19.4 19 19.5 24.6

• Stau track selection is the largest experimental uncertainty
• Mass mis-modeling is the second largest effect



Leonidas Fountas, CERN on MCP-R3 Analysis Group 40/42

Observed Limits

In the absence of a statistically significant excess, 95% Confidence 

Level (CL) upper exclusion limits are set on the production cross-

sections of the benchmark SUSY models. Mass thresholds are 

derived from the intersection with theoretical predictions

benchmark signal observed limit comparison limit comparison limit analysis

χ1
± 1.23 TeV 1.3 TeV pixel dE/dx + calo beta (ATLAS Run 2)

෤𝑔 R_hadron 2.2 TeV 2.2 TeV pixel dE/dx + calo beta (ATLAS Run 2)
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Observed Limits

benchmark signal observed limit comparison limit comparison limit analysis

ǁ𝜏𝐿+𝑅 790 GeV 690 GeV CMS HSCP search

ǁ𝜏1 615 GeV 430 GeV previous partial Run 2 analysis 

ǁ𝜏2 725 GeV - first ever limit

χ1
± 1.23 TeV 1.3 TeV pixel dE/dx + calo beta (ATLAS Run 2)

෤𝑔 R_hadron 2.2 TeV 2.2 TeV pixel dE/dx + calo beta (ATLAS Run 2)
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Summary

• Performed a search search for massive, long-lived, single charged particles 
(SMPs) using the full ATLAS Run 2 dataset 140 𝑓𝑏−1

• Implemented a robust data-driven ABCD background estimation method, 
confirming statistical independence of track pT ​ and β  

• Optimized Signal Regions across different SUSY benchmark models such us 
Staus, Charginos, R-hadrons  

• Performed validation ensure model health and reliability  
• No statistically significant excess observed
• Set 95% CL upper exclusion limits extending sensitivity compared to 

previous analyses
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Thank you 
for
your attention!



Backup



Why is this BSM?

• The particle content of the SM is defined by its gauge symmetry 
𝑆𝑈 3 𝐶 × 𝑆𝑈 2 𝐿 × 𝑈 1 𝑌

• Mathematical integrity requires a specific fermion set introducing a heavy charged particle would 
break the theory (Gauge Anomalies)

• In the SM, there is no fixed quantum number to protect a heavy charged particle from decaying. Only 
the electron is stable because it is the lightest charged particle.

SM Constraints Anomaly CancellationStability

• In the Standard Model (SM), the electron is the only absolutely stable charged particle because there is 
no lighter charged state for it to decay into.

• If Supersymmetry (SUSY) exists, nature may harbor heavy, charged Long-Lived Particles (LLPs) that 
"refuse" to decay immediately.

• If they exist, particles like Staus, Charginos, and Gluino R-hadrons will traverse the entire ATLAS 
detector.

• Because these particles are immensely heavy, they cannot travel at the speed of light. They move 
slowly, leaving a unique signature of isolated, high-momentum tracks with low velocity (β<1).
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Muon Spectrometer

• MDT (Precision Spatial Tracking)
• Used by the MuGirl algorithm to perform inside-out track matching. 
• Resolves the reconstructed trajectory coordinates down to the micron level , preventing 

track reconstruction physics inefficiencies caused by the delayed arrival of slow-moving 
particles.

• RPC (Precision Timing Layer):
• Provides the core Time-of-Flight (ToF) measurements with nanosecond-level resolution 

(∼1.5 ns). 
• Triggers the events online and delivers the hit-by-hit timing inputs (ti​) used in the final 

combined β least-squares fit
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RPC Calibration Data Quality & Rejection Criteria

• Low Statistics Filtering
• Strips or panel-run units with fewer than 5 entries are completely rejected from the 

calibration workflow to avoid large random fluctuations
• This quality cut removes approximately 2.2% of hitting strips and 4.4% of panel-run units. 

• Detector Acceptance & Dead Channels Check
• Cross-checking with the official RPC offline geometry configuration file is performed to 

isolate genuinely dead components
• Based on the geometry comparison, 7.3% of strips and 7.8% of panel-run units were 

identified as having zero hits throughout the data-taking period
• Calibration Impact Performance

• Prior to the correction, raw t0​ distributions are clearly shifted from zero due to cable 
lengths, timing delays, and run conditions

• The two-step alignment narrows the overall Gaussian width from ∼2.1 ns down to ∼1.5 ns 
(and from 2.5 ns to 1.7 ns when combining η and ϕ strips), successfully suppressing non-
Gaussian tails  
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Tag & Probe method

• We select 2-muon events in Data and MC using Z → μ+μ− decays to form the calibration sample
• The invariant mass of the two muon tracks (𝑚𝑑𝑖−𝑡𝑟𝑎𝑐𝑘) is constrained close to the Z boson mass peak to ensure 

high sample purity
• We apply very strict selection criteria to one muon track, which is officially designated as the Tag Muon
• This track must be a well-reconstructed, isolated, and standard combined muon that fired the online single-

muon trigger
• The second track in the event is automatically defined as the Probe track
• This probe is selected with loose requirements (typically just an Inner Detector track) to avoid biasing the 

measurement
• The baseline matching between the standard Muon probe and the reconstructed Stau track is verified requiring 

an angular distance of ΔR<0.05
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Performance and Limitations of the Inside-Out Reconstruction

• Improved Low-Speed Efficiency
• The inside-out approach does not assume particles travel with the speed of light, which 

ensures larger sensitivity for slowly moving particle identification.
• The Stau tracks, reconstructed by the MuGirl algorithm implementing this technique, have 

improved reconstruction efficiency at low speed (0.2<β<0.8) and are used to reconstruct 
slowly moving particles.

• Data and Simulation Consistency
• The energetic muons with speed near that of light for different SM processes, i.e. 𝑍 →
𝜇+𝜇−, 𝑡 ҧ𝑡, 𝑊 → 𝜇𝜈 𝑎𝑛𝑑 𝑊 → 𝜏𝜈, have a consistent reconstruction efficiency. 

• In the range of β>0.4, Stau reconstruction has a consistent efficiency.
• The Low-Beta Roll-off Feature

• The truth reconstruction efficiencies of stau are slightly lower than that of muons, which is 
caused by the low reconstruction efficiency of muons at very low β.
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Parameter Optimization for the β Smearing Procedure

• Parameter Extraction Workflow
• These five parameters are decided through scanning with dedicated steps according to the 

agreement on the distribution with data
• The optimal parameters are listed in Table 4.2 of the note for the three distinct data-taking 

periods (mc16a, mc16d, mc16e)
• Targeted Selection Region

• Because the search is sensitive to the left tail, the optimal parameters are decided by the 
least χ square in the range of β<1.0

• This mathematical alignment ensures that the simulated BSM signals properly match the 
resolution limits observed in the detector data

• Systematic Uncertainty Evaluation
• To bracket the impact on signal acceptance, these parameters are varied by 10% up and 

down individually
• The deviations between signal yields with re-corrected β and nominal yields are taken as 

systematic uncertainties. 

50



Leonidas Fountas, PhD Candidate 

Trigger Efficiencies

• Single-muon High Level Trigger - Yields an efficiency of 51.0%
• Late-muon HLT - Contributes an efficiency of 14.3%
• MET HLT - Measures at 20.3% efficiency due to the energy imbalance from ISR jets. 
• Logical OR Combination - The combined efficiency across all three unprescaled trigger groups 

reaches 66.2%
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Truth Matching Criteria and Angular Distance ΔR

• Angular distance is measured in units of ΔR = Δy 2 + Δφ 2, where y represents the rapidity

𝑦 =
1

2
ln

𝐸+𝑝𝑧

𝐸−𝑝𝑧
and ϕ is the azimuthal angle around the beam pipe

• The efficiencies of reconstructing muon particles and slow LLPs as Stau tracks are calculated 
by matching truth particles with reconstructed Staus based on the angular distance

• A track is officially identified as a successfully reconstructed Stau if it satisfies the strict spatial 
matching criterion of ΔR(truth,Stau)<0.05.
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Summary of MC Simulation Corrections & Systematic Uncertainties
• Simulation β Smearing Procedure (Kinematic Variable Correction)

• Since the β calculation uses RPC t0 information, it can be biased by various effects (cable lengths, delays, run 
conditions) which are not accurately simulated

• Performed via the sum of three randoms (one Gaussian and two Breit-Wigner functions) Decided by the 
least χ² in the range of β < 1.0 because the search is sensitive to the left tail

• Systematic Uncertainty Parameters are varied by 10% up and down individually, and deviations are taken as 
systematic uncertainties

• Stau Reconstruction Scale Factors (Reco SF - Event Weight Correction)
• Accounts for possible mismodeling of Stau reconstruction between data and simulation
• Extracted from Z → μμ Tag & Probe as a function of Muon φ and η, and applied to Stau tracks based on Stau 

kinematics
• Systematic Uncertainty: 1% flat uncertainty on the scale factors (half of the maximum differences)

• Stau Selection Scale Factors (Selection SF - Event Weight Correction) - Purpose: Accounts for mismodeling from 
selection efficiency when applying strict cuts on the β fitting quality variables. - Method: Computed from the 
product of scale factors of efficiency from the selected Staus for simulated events. - Systematic Uncertainty: 7% 
flat uncertainty on the scale factors

• Trigger Efficiency Scale Factors (Trigger SF - Event Weight Correction)
• Accounts for the dependency of mismodeling from geometry and online hit arrival times

• Derived through ρ1 =
𝜖𝐷𝑎𝑡𝑎

𝜖𝑀𝐶
with a strict cut-off restraining the scale factors to ρ₁,₂ < 5.0

• Systematic Uncertainty: Flat uncertainties of 6.6% for single-muon triggers and 9.1% for late-muon triggers
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Cosmic Ray Removal Criteria

• Cosmic Ray Background Characteristics
• Cosmic ray muons passing through the detector can be reconstructed as two back-to-back 

tracks with a timing delay that mimics slow-moving particles
• To identify these cosmic rays, the specialized angular distance variable is defined as:

𝛥𝑅𝑐𝑜𝑠 = 𝜂1 + 𝜂2
2 + 𝜑1 − 𝜑2 − 𝜋 2

• Stau Selection Cosmic Veto
• For the Stau selection, cosmic ray contamination is removed by checking both stau-stau 

pairs and stau-muon pairs
• The analysis requires 𝛥𝑅𝑐𝑜𝑠 𝑠𝑡𝑎𝑢, 𝑠𝑡𝑎𝑢 > 0.04 and 𝛥𝑅𝑐𝑜𝑠 𝑠𝑡𝑎𝑢,𝑚𝑢𝑜𝑛 > 0.04 to 

ensure no cosmic muon is misidentified as a signal candidate
• Muon Selection Cosmic Veto

• For the control and calibration muon channels, the same cosmic alignment check is 
applied to remove overlapping atmospheric tracks

• The criteria require 𝛥𝑅𝑐𝑜𝑠 𝑚𝑢𝑜𝑛,𝑚𝑢𝑜𝑛 > 0.04 and 𝛥𝑅𝑐𝑜𝑠 𝑚𝑢𝑜𝑛, 𝑠𝑡𝑎𝑢 > 0.04
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Kinematic Definition of m_di-track and 

• The invariant mass of the two-track system is defined using the four-momenta of 
the selected candidates

𝑚𝑑𝑖−𝑡𝑟𝑎𝑐𝑘 = 𝐸1 + 𝐸2
2 − 𝑝1 + 𝑝2

2

• For these calculations, the geometrical track parameters (η, ϕ) and the 
measured momenta are used, assuming the corresponding mass hypotheses

• The Physics Purpose of the 𝑚𝑑𝑖−𝑡𝑟𝑎𝑐𝑘 > 110 𝐺𝑒𝑉 Cut is because this specific cut 
is applied to suppress the Drell-Yan 𝑍/𝛾∗ ⟶ 𝜇+𝜇− background process

• By requiring the invariant mass to be strictly above 110 GeV, the analysis 
completely cuts out the resonance peak of the Z boson 𝑚𝑧 ≈ 91.2 𝐺𝑒𝑉, 
ensuring a highly purified signal region at higher masses
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ABCD Non-Closure Corrections & Signal Purity

• Origin of Pre-fit Yield Discrepancies (Non-Closure)
• The small differences between the raw YAest​ and YAdata ​ are caused by minor residual 

correlations between pT​ and β, commonly referred to as systematic non-closure
• To correct this detector-induced effect, a dedicated non-closure systematic uncertainty 

and a correction factor systematically evaluated in low-mass validation regions are 
introduced into the likelihood

• Post-Fit Nuisance Parameter Alignment
• In the final profile-likelihood statistical fit, these minor fluctuations are dynamically 

absorbed and corrected by the background nuisance parameters, ensuring a 
mathematically perfect closure

• Verification of Negligible Signal Contamination
• The fundamental assumption of the ABCD method requires that regions B, C, and D are free of 

signal events
• Τhe expected signal leakage in the control regions is effectively zero, proving that a potential 

New Physics signal will not bias or over-estimate the background prediction
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η-aware Correction

• Pseudorapidity (η Treatment)
• Due to low statistics in the tails of the distributions, the full background 

estimation is not performed in bins of ∣η∣ for the final fit.
• Instead, η binning is used externally for two specific corrections:

• Low-Mass Yield Correction: An η-aware background estimation is 
performed in 7 bins ([0,0.25,0.4,0.55,0.7,0.8,0.9,1.05]) solely to calculate 
the low-mass fraction (flow−mass​) and correct the nominal template.

• Systematic Shape Uncertainty (∣η∣ uncertainty): The shape impact is 
evaluated by re-deriving the background estimation in the lower half 
([0,0.55]) and upper half ([0.55,1.1]) of the ∣η∣ range.
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Tail extrapolation

• Functional Forms & Tail Fits
• Low-velocity tail modeled using a one-sided Crystal Ball function fit to the lower side of 

the β distribution in the combined C+D control region.
• High-momentum tail modeled using a falling power law fit

𝑓(𝑥) = 𝑛𝑜𝑟𝑚 ⋅ 𝐶 ⋅ 𝑥 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡

to the p spectrum in the B control region for the 1-Stau channels, and an exponential 
polynomial for the 2-Stau channel.

• Transition & Replacement Thresholds:
• A dynamic threshold is established based on template statistics: the raw histogram 

is used as long as its relative bin uncertainty remains under 10%.
• Once the statistical uncertainty exceeds 10%, the sampling seamlessly transitions to 

the continuous, extrapolated functional forms.
• For technical implementation, the phase space is split into quadrants scaled to their 

respective yield fractions to generate a massive, continuous background template 
(1M points per quadrant for 1-Stau, 10M for 2-Stau).
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Validation in SR

• Validation is the process of testing and verifying the reliability of the data-driven ABCD background 
estimation framework before looking at the unblinded Signal Regions.

• It is performed in Validation Regions (VRs)—orthogonal, background-dominated phase spaces that 
mimic the kinematics of the Signal Regions but have negligible signal contamination.

• The primary background does not come from real heavy BSM particles, but from standard, highly 
relativistic Muons whose velocities (β) are mismeasured by the detector.

• Simulated Standard Model Monte Carlo (MC) samples are utilized to study detector modeling, 
calibrate timelines, and map out where these particles leak into our selection.

• Z→μ+μ−: Standard Model Z-boson decays that produce two clean, high-momentum muons. This is 
the dominant source of background for the 2Stau region.

• W+jets/W→μν: W-boson production accompanied by jets from Initial State Radiation (ISR). These 
events provide high-pT​ tracks and missing transverse energy (ETmiss ​), mimicking 1-Stau signatures.

• ttˉ (Top Quark Pairs): Strong interaction production of top quark pairs that decay semi-leptonically, 
contributing high-pT​ tracks, multiple jets, and b-jets.

• Dedicated control regions are isolated for these specific processes by applying targeted selections 
(e.g., forcing invariant mass to hit the Z-mass window or requiring b-tagged jets).The full 
background pipeline—including the ABCD yield math, tail extrapolations, and low-mass 
corrections—is run on these control samples to show that the prediction flawlessly matches the 
real data points (closure testing). 59



Background Systematics uncertainties

• Boundary (ABCD Cut Effects): Uncertainty due to the choice of thresholds dividing the ABCD 
regions; quantifies minor residual correlations between pT​ and β.
• Evaluated by shifting the nominal pT​ and β boundaries up/down and computing the percentage 

variation on the final yield.
• Geometry (Detector Acceptance & Dead Spaces): Variations caused by detector non-uniformities, 

support structures, cables, and dead spaces between RPC modules that affect muon reconstruction
• Estimated by partitioning the detector into distinct geometric sectors and comparing 

reconstruction efficiencies between Data and MC (e.g., using Z→μμ control samples).
• Shape (∣η∣ & Extrapolation Models): Systematic error reflecting changes in the background 

kinematic templates across different pseudorapidity ranges and functional form assumptions in the 
tails.
• Derived by running the ABCD pipeline in separate ∣η∣ bins versus an unbinned approach, 

combined with varying the fit functions/thresholds in the tail extrapolation.
• Fluctuation (Statistical Noise): Statistical uncertainty derived from the limited data sample size in 

the background control regions (B,C,D), propagated to the signal region (A).
• Quantified using pseudo-experiments (Toy Monte Carlo / Poisson sampling) to measure the 

stability of the final prediction against statistical fluctuations.
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Statistical Fit
• Simultaneous Profile-Likelihood Fit: The statistical analysis implements a binned likelihood fit across all 

channels using the dedicated TRExFitter software package. It performs a simultaneous fit over all mass bins 
across the three dedicated signal channels (2Stau, 1Stau1Mu, and 1Stau0Mu).

• Background Normalization Factors (μbkg​):The fit introduces three completely free-floating normalization 
scale factors—one for each separate signal region. Because the lower-mass Control Region bins (from 50 GeV 
up to the SR thresholds) contain the vast majority of data events, they are statistically dominant and 
completely drive the exact value of these normalization parameters. Any structural non-closure or 
discrepancy in the initial data-driven ABCD yield prediction is automatically absorbed and corrected by the 
data during this stage.

• Systematic Uncertainties as Nuisance Parameters: Experimental, background, and theoretical systematic 
uncertainties are treated as constrained parameters governed by Gaussian probability distributions. The fit 
correlates the shape-altering background uncertainties across all mass bins, allowing the statistically strong 
lower-mass regions to constrain ("tighten") the error bands before evaluating the high-mass tail. 
Conservative Modification: To prevent artificially over-constraining the model, the geometric background 
uncertainty (∣η∣ uncertainty) is de-correlated across the individual mass bins.

• Extracting the Signal Strength (μsig): The primary parameter of interest (POI) is the signal strength modifier, 
which acts as a scaling parameter on the theoretical production cross-section. For blind testing and expected 
result calculations, an Asimov dataset (a perfect data representation generated purely from nominal 
background templates) is utilized. To compute final, mathematically sound exclusion limits in channels with 
very low background statistics, intensive pseudo-experiments (10,000 toys) are executed. 61



Fit Health Checks

• Model Validation Goal: Ensures the statistical model is healthy, unbiased, and 
mathematically sound before drawing physics conclusions.

• Background Scale Factors (μbkg​): Normalization scale factors in the 1-stau 
regions converge near 1.0, proving excellent baseline closure for the ABCD 
method.

• 2Stau Correction: The 2Stau region absorbs the largest normalization 
correction, perfectly matching expectations from control region testing.

• Impact Ranking: Pull plots verify no unphysical parameter over-constraining; 
stau selection weights and mass mis-modeling remain the most impactful 
systematic components.

• Signal Strength (μsig​): The parameter for the stau signal scales to zero, 
confirming that the observed data is completely explained by the Standard 
Model background.
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Impacts

• Systematic Ranking & Impact: Evaluates how much each individual systematic 
uncertainty (nuisance parameter) shifts the final signal strength modifier 
(μsig).

• Computed by varying each parameter by ±1σ after the fit and recording the 
percentage impact on the parameter of interest.

• Top Rankers: Identifies the dominant systematic limiting factors of the 
analysis, typically led by stau track selection weights and mass/momentum 
mis-modeling.

• Model Cross-Check: Acts as a vital diagnostic tool to ensure that the fit does 
not apply unphysical constraints or artificial shifts to mask background 
discrepancies.
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Stau limits

• ǁ𝜏𝐿 ​ vs ǁ𝜏𝑅 ​ Chirality: Represents left-handed and right-handed supersymmetric
partners of the tau lepton, governed by different electroweak gauge couplings.

• Cross-Section Asymmetry: ǁ𝜏𝐿 ​ couples to both SU(2) and U(1) fields resulting in 
a larger production cross-section, while ǁ𝜏𝑅 ​ couples only to U(1), yielding a lower 
cross-section and weaker mass limits.

• Due to Renormalization Group Equation (RGE) running from the GUT scale, the 
lack of SU(2) weak-isospin charge leaves ǁ𝜏𝑅 ​ lighter than its left-handed 
counterpart.

• In specific SUSY breaking scenarios (e.g., GMSB with a Gravitino LSP), the decay 
coupling is heavily suppressed. The stau becomes a Long-Lived Particle (LLP), 
traversing the entire ATLAS detector as a heavy, slow-moving, stable-like track.
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