
Search for the Charged Lepton Flavour 
Violating Decay ὄ ᴼ“‘Ὡᶸ

09/04/25

Marcus Madurai

University of Birmingham

marcus.madurai@cern.ch



Motivation

1411.0565

leptoquark model

BaBar

ÅCharged Lepton Flavour Violation (cLFV) only possible in 
SM via neutrino oscillation

ÅBF ~ ρπ

ÅObservation of cLFV Ÿ Clear sign of New Physics (NP)!

ÅSome models that aim to explain B anomalies introduce 
cLFV (1411.0565)

ÅBF enhanced to ρͯπ within leptoquark model

ÅSearch in ὦᴼὨЉЉchannel can offer complimentary 
sensitivity to NP c.fὦᴼίЉЉprocesses due to double 
CKM suppression

ÅFirst search for cLFV in ὦᴼὨtransition @ LHC

ÅPrevious limits set by BaBar at ρȢχ ρπ @ 90% CL

ÅLHCb can improve sensitivity by 2-3 orders of magnitude
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Analysis Strategy

ÅAim to observe or set upper limit on ὄ ᴼ“‘ᴜὩ  decay

ÅUse full 9fb-1 dataset (1012 beauty quarks) collected by LHCb 
detector

ÅBlind signal region ά ᶱτωψυȟυσψυ -Å6 

ÅUse ὄ ᴼ ϳ*‪ᴼ‘‘ ὑ  to normalise signal events to 
branching fraction

ÅSplit into four analysis categories:

ÅR1 , R2

ÅBremsstrahlung photon(s) associated to the electron
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Run 1

Yields in data MC simulation PDG

Blinded Region



Simulation Reweighting

ÅMonte Carlo (MC) simulation used to estimate efficiencies, 
background contribution and signal shapes

ÅCorrect MC with data-driven methods

ÅTracking efficiency (tag-and-probe method)

ÅTrigger efficiency (TISTOS method)

Å║  production kinematics (Gradient Boosted Reweighter 
trained on background-subtracted normalisation mode)

ÅPID efficiency (background-subtracted large calibration 
sample)
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Good agreement seen 

after reweighting!



Event Selection
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PV

Å Trigger on single muon with high transverse momentum

Å All particles pass loose PID requirements

ÅSelect high-quality long tracks from common displaced vertex
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Event Selection

ÅVertex Locator (VELO) provides excellent vertexing

ÅRequire all tracks originate from common displaced Secondary Vertex (SV)
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Combinatorial Background

ÅThree real random tracks form poor quality vertex Ÿ 
combinatorial background

ÅRejected with Gradient Boosted Decision Tree (BDT) from 
XGBoost package

ÅTrained on reweighted signal MC and data upper sideband

ÅVarious discriminating topological and kinematic variables used

ÅClassifier hyperparameters optimised with Bayesian search of 
hyperparameter space
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Partially Reconstructed Backgrounds

ÅPartially reconstructed decays can easily produce signal tracks

Åὄ ᴼὈ ᴼὬЉ’ЉЉ ’Љ  has BF ~10-5 Ÿ  Require ά Љᴜ ρψψυ -Å6

ÅPartially reconstructed backgrounds still pollute lower mass sideband

ÅTrain second BDT on reweighted signal MC and lower mass sideband 
after combinatorial BDT selection

ÅAddition of kinematic variable suited for partially reconstructed decays
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Mis-identified Backgrounds

ÅHigher rate processes can mimic signal if one or more daughters are mis-identified

Åὄ ᴼ ϳ*‪ ᴼὩὩᴜȾ‘‘ᴜ ὑȾ“  have BF ~10-5 Ÿ Require ά ᶸ
ᴼ
 άȾ ρππ -Å6 + others

Åὄ ᴼὑȾ“ ὩὩᴜȾ‘‘ᴜ  electroweak penguins and fully hadronic ὄ ᴼὬὬὬ  Ÿ Require tight PID
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Normalisation + Signal Shape

ÅAlign signal and normalisation mode selection as best as possible

ÅPerform fit to extract number of candidates

ÅEfficiency of selections estimated with simulation

ÅSingle Event Sensitivity (SES) assuming one signal event is observed
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ÅFor upper limit calculation, 
signal shape taken from 
reweighted MC

1♬ 0♬

Total SES: σȢςπ πȢπφ ρπ



Expected Upper Limit
GammaCombo

ÅNo signal? Set upper limit with CLs method with GammaCombo framework

ÅGenerate and fit background only and signal + background toy distributions

ÅBuild distributions of test statistic ╠ ἴἶ︡

ÅCLs p-value is fraction of toy fit results which perform worse than the fit to measured data

ÅSignal region currently remains blinded, use background only hypothesis pseudo-experiments and 
repeat process 100 times

Expected UL: ρͯȢω ρπ
@ 95% CL
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https://link.springer.com/article/10.1007/JHEP12(2016)087


Summary & Outlook

ÅFirst search for cLFV at the LHC in the ╫ O ▀ transition

ÅData-driven corrections applied to MC simulation

ÅEvent selection with two BDTs and tight PID requirements

ÅExpected upper limit ͯ Ȣ  Ÿ two orders of magnitude 
improvement c.f BaBar

ÅDedicated background study remains

ÅEvaluation of systematic effects remains
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Thanks for your attention!



Backups
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Event Selection

ÅUse Bu2KLL_ {mm,me(SS)}Line stripping lines

ÅL0 + HLT1 muon + HLT2 topo trigger lines aligned 
between signal and normalisation

ÅLoose fiducial selections applied to align with 
PIDCalib datasets

ÅRemove clone (ghost) tracks with track OA 
(ProbNNGhost) selection

ÅApply truth matching (0|10|50|60) to MC samples

ÅApply single candidate selection after full selection 
chain
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ÅApply dedicated vetoes to reject physics background

Å ϳ*‪ ‪ςὛᴼЉЉᴜ  mis-ID: ή ᶱωȟρπȢρ ǪρσȢπȟρτȢς -Å6

ÅSL ὄ ᴼὈЉ’ veto: ά Љᴜ ρψψυ -Å6

ÅὈ ᴼὑ “ᴜ  veto: ά
ᴼ Љᴜᴼ

 ά ςυ -Å6

Run 1



Event Selection
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Stripping line requirementsPreselection requirements

Charmonium vetoes



Event Selection

ÅOnly TOS triggers considered

ÅInclusion of L0Electron trigger improves signal sensitivity by ~10%

Å Prefer not to do this to mis-align search and normalisation channel
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MC Reweighting - PID

ÅRe-strip MC samples to remove 
stripping PID requirements

ÅPID efficiencies for various PID 
selections calculated using pidcalib2 in 
bins of ὴ and –

ÅBin optimisation with Ὑ  method

ÅMerge iso-populated bins if 
adjacent bin values are < 5ů 
apart
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2018 MU
“_ProbNNpi > 0.2
“_ProbNNk < 0.8
“_ProbNNp < 0.8
“_isMuon == 0



MC Reweighting - Tracking
trackcalib2

ÅTracking efficiencies calculated using trackcalib2 in bins of ὴ and –

ÅCalibration sample selection aligned to analysis selection 
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https://gitlab.cern.ch/farchill/trackcalib2/-/tree/master/


MC Reweighting - Trigger

ÅTISTOS method to correct trigger efficiency 
using ὄ ᴼ ϳ*‪ὑ  calculated in bins of 
ÍÁØὴ ȟὴ  and ὴ ὴ
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MC Reweighting - Kinematic

ÅApply a loose PID selection to ὄ ᴼ ϳ*‪ ᴼ‘ᴜ‘ ὑ  

ÅFit to Cruijff + exponential to extract sWeights

ÅTrain GBReweighter to correct ὄ  production kinematics with 
reweighted (track, trigger, PID) MC and sWeighted data

ÅTrain per year with input variables ὖ ὄȟ–ὄȟ Î4ÒÁÃËÓ

ÅApply same trained model to gen level samples with true 
kinematic values as input

2018
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BDT Training

ÅApply loose PID selection to data

ÅTrain XGBoost BDT on truth matched reweighted signal 
MC against data upper sideband to reject combinatorial 
background

ÅTrain in each analysis category

Å5 k-folds

ÅVarious kinematic and topological variables of 
mother and daughter particles

ÅModel parameters optimised with Bayesian search of 
hyperparameter space using Optuna package 

ÅMaximise &Ï- !5#4ÅÓÔρ
ȿ!5#4ÒÁÉÎ !5#4ÅÓÔȿ

!5#4ÒÁÉÎ
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A black background with white letters

Description automatically generated

https://optuna.readthedocs.io/en/stable/index.html


BDTHOP Training

ÅAfter BDT selection, lower sideband is polluted with partially 
reconstructed background

ÅTrain BDTHOP against this background after BDT selection

ÅSame variables as BDT, but with addition of ὄ(/0 

Å5 k-folds

ÅReduced statistics and increased similarity between datasets

ÅModel complexity is reduced

ÅHyperparameters optimised with same method as BDT
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PID Selection

ÅTight PID cuts applied to reduce physics background

ÅEssential due to much higher rate ὦ O ί processes

ÅNo optimisation at present time

ÅWill likely be tweaked depending on results of dedicated background 
study

ÅEffective at removing remaining mis-ID in LSB
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Particle Tight PID Selection

“
ProbNNpi > 0.8
ProbNNk < 0.2
ProbNNp < 0.2

‘ ProbNNmu > 0.8

Ὡ
ProbNNe > 0.8

PIDe > 4

R1 ♬ R1 0♬



Efficiencies
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Normalisation Signal
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Run ♬ SES 1♬ SES

R1 ςȢψπ πȢπφ ρπ ςȢππ πȢπτ ρπ

R2 ψȢωρ πȢρψ ρπ ψȢχχ πȢρψ ρπ

Total SES: σȢςπ πȢπφ ρπ


