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Motivation

A Charged Lepton Flavour Violation (cLFV) only possible in

SM via neutrino oscillation s () 2 -9
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Analysis Strategy

Blinded Region LHCb Unofficial

A Aim to observe or set upper limiton 6 © “ *°Q decay §7 s
A Use full 9fb-! dataset (1012 beauty quarks) collected by LHCb -Tgﬁf_ Run 1
detector s |
A Blind signal regiona  © [T w two Jv A6 i3
AUse6 O 1 (©* * )0 tonormalise signal events to 4
branching fraction 3f
A Split into four analysis categories: 2
AR1,R2 :
1_
A Bremsstrahlung photon(s) associated to the electron :
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Simulation Reweighting

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

A Correct MC with data-driven methods

A Tracking efficiency (tag-and-probe method)
A Trigger efficiency (TISTOS method)

A || production kinematics (Gradient Boosted Reweighter
trained on background-subtracted normalisation mode)

A PID efficiency (background-subtracted large calibration

sample)
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Event Selection WS
Magnet HCAL

ECAL

Tracking

| A ||"
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VELO

PV

A Trigger on single muon with high transverse momentum
A All particles pass loose PID requirements
A Select high-quality long tracks from common displaced vertex




Event Selection WS
Magnet HCAL

Tracking EC_AL

. - B III
VELO -|
i = |

PV :
. —— .

A Trigger on single muon with high transverse momentum
A All particles pass loose PID requirements
A Select high-quality long tracks from common displaced vertex




Event Selection WS
Magnet HCAL

Tracking EC_AL
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A Trigger on single muon with high transverse momentum
A All particles pass loose PID requirements
A Select high-quality long tracks from common displaced vertex




Event Selection

A Vertex Locator (VELO) provides excellent vertexing

A Require all tracks originate from common displaced Secondary Vertex (SV)
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Normalised Entries

Combinatorial Background

AThree

r e al

combinatorial background

A Rejected with Gradient Boosted Decision Tree (BDT) from
XGBoospackage

random

tracks

f or n

A Trained on reweighted signal MC and data upper sideband

A Various discriminating topological and kinematic variables used

A Classifier hyperparameters optimised with Bayesian search of
hyperparameter space
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Partially Reconstructed Backgrounds

A Partially reconstructed decays can easily produce signal tracks
A6 ©'0 ©'Q/b /b’ has BF ~105Y
A Partially reconstructed backgrounds still pollute lower mass sideband

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

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

A Higher rate processes can mimic signal if one or more daughters are mis-identified
A6 o5 (°QQTT *")OT have BF~10°Y ReqP’xi rve &y p Tt A 6 others
A6 ool QQT ‘° electroweak penguins and fully hadronicé © QQ'Q Y Re q tight RD
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LHCDb Unofficial

- . " b= il Data |
Normalisation + Signal Shape " el
A Align signal and normalisation mode selection as best as possible oL o= 1122000 eV
A Perform fit to extract number of candidates mi_ —;

A Efficiency of selections estimated with simulation
A Single Event Sensitivity (SES) assuming one signal event is observed
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Expected Upper Limit

A No signal? Set upper limit with CLs method with GammaCombo framework

A Generate and fit background only and signal + background toy distributions
A Build distributions of test statistic |k (.
A CLs p-value is fraction of toy fit results which perform worse than the fit to measured data

A Signal region currently remains blinded, use background only hypothesis pseudo-experiments and

repeat process 100 times L LHCb Unofficial
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https://link.springer.com/article/10.1007/JHEP12(2016)087

Summary & Outlook

A First search for cLFV at the LHC in the 4 © B transition
A Data-driven corrections applied to MC simulation
A Event selection with two BDTs and tight PID requirements

A Expected upper limitx 8 Y two orders
improvement c.f BaBar

A Dedicated background study remains
A Evaluation of systematic effects remains “T-OD O
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Backups
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LHCDb Unofficial
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Event Selection

Preselection requirements

Stripping line requirements

Description

Particles or Event

Requirement

B* mass window

B

4500 < mg+,+ < 6000 MeV

Particle

Requirement

Kinematic

Event

nTracks < 300

B

2<n<bh

pr > 250 MeV
2000 < p < 200000 MeV
1.7<n <53

B:I:

|m — mppg| < 1500 MeV
2 /dof < 9
XZp > 100
Xip < 25
DIRA > 0.9995

Charmonium vetoes

800 < pr < 30000 MeV
3000 < p < 200000 MeV

500 < pr < 30000 MeV
3000 < p < 200000 MeV

K*/n*

pr > 400 MeV
Xip > 9

Mass Veto [ MeV |

Quality

hasRich ==

X%rack <3
Track_GhostProb < 0.4

pr > 300 MeV
Xip > 9
PIDe > 0

InAccMuon ==
hasRich ==
hasMuon ==

2
Xtrack <3
Track GhostProb < 0.4

hasRich ==
hasCalo == 1

X%rack <3
Track_GhostProb < 0.4

pr > 300 MeV
Xip > 9
hasMuon == 1

isMuon ==

T4 pair

Opening Angle > 0.0005

me pair

Opening Angle > 0.0005

J€e pair

Opening Angle > 0.0005

pe(pp, ee) pair

pr > 0 MeV
Mye(ppee) < 9000 MeV
pr > 0MeV
Xage/dof < 9
Xtp > 16
Xip > 0

Myt — M| > 100
|Myer,, — My2s)| > 55
Myt o — mugp| > 100
M+ ¥ — My(ag)| > 55
Mgt — M| > 100
|’m7,i_m,ﬁ — m¢(25)\ > 55
(Mt e — M| > 100

Mgt 7 — Mys)| > 55
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Event Selection

A Only TOS triggers considered

A Inclusion of LOElectron trigger improves signal sensitivity by ~10%
A Prefer not to do this to mis-align search and normalisation channel

Trigger Level Trigger Lines
Run 1 Run 2
LO (u%) LOMuonDecision_TOS
HLT1 (B*) TrackAllLODecision-TOS TrackMVADecision_TOS
TrackMuonDecision_TOS TwoTrackMVADecision_TOS
HLT2 (B*) Topo2BodyBBDTDecision TOS Topo2BodyDecision TOS
Topo3BodyBBDTDecision_TOS Topo3BodyDecision_TOS
TopoMu2BodyBBDTDecision_ TOS | TopoMu2BodyDecision_TOS
TopoMu3BodyBBDTDecision_TOS | TopoMu3BodyDecision_ TOS




MC Reweighting - PID

] - LHCb Unofficial
A Re-strip MC samples to remove T n———— A ! . ]
stripping PID requirements E’ ; EIO:
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MC Rewelighting - Tracking

A Tracking efficiencies calculated using trackcalib2in bins of rj and —

A Calibration sample selection aligned to analysis selection

Long method efficiency Data LHCD preliminary
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https://gitlab.cern.ch/farchill/trackcalib2/-/tree/master/
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MC Reweighting - Kinematic

A Apply a loose PID selectionto 6 © %1 (0 *** )U

A Fit to Cruijff + exponential to extract sWeights

A Train GBReweighter to correct & production kinematics with
reweighted (track, trigger, PID) MC and sWeighted data

A Train per year with input variables 0 (6)h— & hi 4 OAAEO
A Apply same trained model to gen level samples with true

kinematic values as input
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o

BDT Training  %Geoos

/‘
7

A Apply loose PID selection to data

A Train XGBoosBDT on truth matched reweighted signal
MC against data upper sideband to reject combinatorial
background

A Train in each analysis category
A 5 k-folds

A Various kinematic and topological variables of
mother and daughter particles

A Model parameters optimised with Bayesian search of
hyperparameter space using Optunapackage
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https://optuna.readthedocs.io/en/stable/index.html

BDTHOP Training

A After BDT selection, lower sideband is polluted with partially

reconstructed background

A Train BDTHOP against this background after BDT selection

A Same variables as BDT, but with addition of 6 ; ¢

A 5 k-folds

A Reduced statistics and increased similarity between datasets

A Model complexity is reduced

A Hyperparameters optimised with same method as BDT

A

PdX,)

B Direction of Flight
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PID Selection

ProbNNpi > 0.8

A Ti : . ¢ ProbNNk < 0.2
Tight PID cuts applied to reduce ph~yS|cs background ProbNNp < 0.2
A Essential due to much higher rate @ © i processes
L : ‘ ProbNNmu> 0.8
A No optimisation at present time
A Will likely be tweaked depending on results of dedicated background 0 ProbNNe> 0.8
study PIDe> 4

A Effective at removing remaining mis-ID in LSB

XGBoost BDTHOP > 0.55 & tight PID cuts LHCDb UnofTicial
XGBoost BDTHOP > 0.5 & tight PID cuts 222 &7 100~ 2

XGBoost BDTHOP > 0.52 & tight PID cuts  LHCb UnoffTicial
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Efficiencies

Normalisation Signal
Efficiency (%) Analysis Categories
Categories Run 1 1y Run 1 0y Run 2 1y Run 2 0y
Generator 15.98 £ 0.01 15.98 £+ 0.01 17.24 +0.01 17.24 +0.01
Strip. + Reco. + Truth 14.88 = 0.02 20.61 £ 0.02 13.0 £ 0.01 16.36 = 0.01
B Mass Window 89.55 £ 0.05 77.57 £0.05 92.42 +0.03 85.37 £ 0.03
Kinematic 76.7 +0.07 66.84 + 0.07 80.85 +0.04 74.54 + 0.04
Quality 89.84 £ 0.05 82.19 £+ 0.07 90.08 = 0.04 85.76 + 0.04
q? Selection 99.55 £ 0.01 99.47 £ 0.01 99.551 £ 0.008 | 99.457 £ 0.009
cc Veto 80.33 £ 0.07 81.12 + 0.08 80.3 £ 0.05 80.98 + 0.05
DTF Status 100.0 £ 0.0002 100.0 £ 0.0002 100.0 £+ 0.0001 100.0 = 0.0001
D0 Veto 75.47 £ 0.09 74.01 £ 0.09 75.43 £ 0.06 74.13 £ 0.06
LO 56.8 £ 0.1 51.0+£0.1 52.63 £ 0.08 47.89 £+ 0.08
HLT1 89.1+0.1 88.8+0.1 96.66 £+ 0.04 97.45 £+ 0.04
HLT?2 82.8+0.1 87.4+0.1 90.55 £ 0.07 91.29 £+ 0.07
BDT 52.24+0.2 45.0 £ 0.2 46.9 +0.1 46.4 4+ 0.1
BDT HOP 65.9+0.2 64.1 £ 0.3 66.2 £0.2 80.3+£0.1
Tight PID 59.9+0.3 546+04 524+0.2 442+ 0.2
Single Candidate 99.95 £+ 0.02 99.33 £ 0.08 99.93 £+ 0.02 99.33 £+ 0.05
\ Total \ 0.0735 £ 0.0006 | 0.0524 + 0.0005 \ 0.0605 £ 0.0004 \ 0.0595 4+ 0.0004 \
Run SES 1ASES
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