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References 

•  Hadron Collider Summer School: 
hNp://hcpss.web.cern.ch/hcpss/ 

•  Commissioning of ParHcle ID with early LHC data  

–  (arXiv:0808.3820) 

•  Electron/Photon IdenHficaHon in ATLAS and CMS  
–  (arXiv: 0709.2479) 



Muons @ LHC 

Good muon reconstrucHon and 
idenHficaHon is crucial for 
physics at the LHC 

Need high efficiency detecHon 
and over wide momentum range 



Muon IdenHficaHon 
Muon IdenHficaHon Tasks: 
1.  Trigger on high‐pT single muons 

and muon pairs 
2.  Measure muon momenta 

(independently of tracker) 
3.  Reject muons from pion/kaon 

decays, showers and punch‐
throughs 

Expected composiHon of muon  L1 
trigger at ~ 10 GeV 
•  About 50% heavy flavors 
•  About 50% π/K decays 

Most muons are real but also non‐ 
isolated and embedded in jets with  
wide range of transverse energies  



LimiHng Factors 



Muon Systems 





ATLAS muon spectrometer 
•  Excellent stand‐alone capabiliHes and coverage in open geometry 
•  Complicated geometry and field configuraHon (large fluctuaHons in acceptance 
and performance over full potenHal η x φ coverage (|η| < 2.7) 



CMS muon spectrometer 
•  Superior combined momentum resoluHon in central region 
•  Limited stand‐alone resoluHon and trigger (at very high luminosiHes) due to 
mulHple scaNering in iron 
•  Degraded overall resoluHon in the forward regions (|η| > 2.0) where solenoid 
bending power becomes insufficient 



Comparison 



Comparison 



Comparison 



Comparison 



Requirements for muon idenHficaHon and reconstrucHon at low pT 
•  IdenHfy track stub in first layer of muon system 
•  Check for minimum ionising signals in last layers of hadron calorimeter 
•  Match as precisely as feasible (within limitaHons due to large MS and energy loss 
in calorimetry) measured track in inner detector with track stub in muon system  



Track ReconstrucHon in the Muon System 



Tracking Efficiency 



Muon Signal 

BeNer resoluHon comes from the tracker 
pout dominated by mulHple scaNering (or showering) 

pin ≈ pout + Eloss 



Background 1: punch‐through/decay‐in‐flight 

Pin >> pout + Eloss 

Outer punch‐through or decay track points back to parent hadron 
But momenta do not match 



Punch‐through 

•  Punch‐through is defined as 
parHcles from late developing hardon 
showers that get into the muon 
system  

•  Minimize punch‐through by: 
•  Material as measured in nuclear 
interacHon strengths λI 
•  (Muon system surrounds the   
   calorimeter) 
•  Good track matching  

NIM A244, 356 (1986) 



Punch‐through 



Background 2: halo/backscaNer 

Pin ? pout + Eloss 

Good Hming (scinHllators) can get rid of most of these 



Strategies for muon idenHficaHon 

•  # of muon hits and fit quality (chi2/d.o.f) 
–  Rejects combinatorics and poorly measured muons 

•  Impact parameter to vertex 
–  Rejects most cosmic rays, beam halo 
–  (but can also reject muons from long‐lived decays) 

•  SpaHal matching with central track 
–  Improves momentum resoluHon 
–  Rejects combinatorics 

•  Time of flight informaHon 
–  Rejects most cosmics rays, beam halo 
–  (but can also reject new heavy massive stable parHcles) 



Cosmic Ray background 
•  Arrival Hmes for cosmic ray muons are uncorrelated with beam crossing 

–  => flat background in Hme 
•  Cut on Hght window Hming window around t=0 using fast counter 

•  Require track to point back to the primary vertex 



IsolaHon 
•  Typical method for selecHng muons 

from W/Z decays instead of muons 
from b/c decays 
–  IsolaHon in calorimeter and/or 
tracker 

•  IsolaHon criteria: 
–  Upper limit on calorimeter energy 
in hollow cone around muon 

–  Upper limit on sum of track pT in a 
hollow cone around muon  

– Minimum separaHon between 
muon and nearest jet 



IsolaHon 

•  OpHmal isolaHon thresholds can change with muon energy 

–  Both i.e. fixed isolaHon thresholds and those proporHonal to muon energy 
are used 

•  When using jet‐based isolaHon, what if the jet is not reconstructed or falls 
below a threshold 

–  Creates dependence on jet reconstrucHon algorithms 
–  Difficult to use for low momentum muons 

•  IsolaHon efficiency will tend to decrease with increase in inst. Luminosity 

–  Luminosity dependent thresholds ? 

–  Book‐keeping can be very difficult 

•  Efficiency will strongly depend on event type 
–  Efficiency may be different for W‐>µν and Nbar‐>µν jjjj 

•  IsolaHon requirements in the trigger need to be as loose as possible… 



Very High Energy Muons 

•  Above energies of 0.35 TeV muons start to create photons and 
e+e‐ pairs which create EM showers in the material 

–  Can fake the signature of electrons and photons  
–  Can destroy the usual signature of isolated muons 

•  OpHons: 
–  Use calorimeter informaHon to reject such muons  

–  Restrict momentum informaHon to inner tracker (i.e. 
before shower) 



Electron/Photon IdenHficaHon @ LHC 



Electrons/Photons @ LHC 

•  Higgs search 
•  H→γγ 
•  H→ZZ(*) →4e 

•  Leptonic decays of charginos and neutralinos 

•  Many SM processes, top, Z→ee, W→eν 

•  Backgrounds to new signals 
•  CalibraHon processes 

•  BSM 

•  High mass resonances 
•  SUSY 

CMS 



Issues 

•  Challenging kinemaHcs and/
or background condiHons 

•  Main problem: 
–  Tracker material budget in 
front of calorimeters 

•  Causes electron 
bremsstrahlung 

•  Causes photons to pair 
produce 

–   3.8 T magneHc field (CMS) 



Tracker Material 

LEP 
detectors



The CMS Detector 

MUON BARREL 

ECAL 

 Cathode Strip Chambers   
Drift Tube  Resistive Plate 

SUPERCONDUCTING 
COIL 

TRACKER 

HCAL 
Plastic scintillator/brass
sandwich 

CALORIMETERS 

Total weight : 12,500 t 
Overall diameter : 15 m 
Overall length : 21.6 m 
Magnetic field : 4 Tesla 

 Scintillating PbWO4 crystals 
75848 Xtals 

4 dees 

36 supermodules 

2x5 Xtal 
modules 

PIXEL 
3 layers (barrel) 
2x2disks (fwd) 

SST 
>8 hits, 
depending on η 

|η|<2.6 

|η|<2.5 



CMS PbWO4 Calorimetry 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CMS 

0.6% at 50 GeV 

Energy resolu5on 



Radiator 

Straws 

General requirements for the ID:
  robust pattern recognition 
  fast level-2 trigger
 accurate momentum 

measurements 
 accurate vertexing measurement

TRT
Pre-sampler 

Front 
Middle 
Back 

Liquid Argon EM calorimeter: 

  σE/E = 10%/√E ⊕ 24.5%/E ⊕ 0.7%   

  linearity beNer than 0.5% up to 300 GeV 

  shower direcHon with sq ~50 mrad / √ E 

  fine granularity of 1st compartment  

  shower shape measurement 

The ATLAS Detector 

 |η|<2.5 

•  3 layers Pixel Detector  
•  4 layers Semi‐Conductor Tracker (SCT) 
•  73‐layer TransiHon RadiaHon Detector 
(TRT) [only within |η|<2.0, provides PID!] 

• electrons cause large energy 
deposiHons due to the transiHon 
radiaHon 

•  2T solenoidal magneHc  field 



TeHana Berger‐Hryn'ova, HCP 2008  36/35 

ATLAS 

ATLAS/CMS E/γ performance 

Photons at 100 GeV 
ATLAS: 1‐1.5% 

energy resol. (all γ) 
CMS: 0.8%  
energy resol.  
(eγ ~ 70%) 

Electrons at 50 GeV 
ATLAS: 1.5‐2.5% 
energy resol.  

(use EM calo only) 
CMS: ~ 2.0%  energy 
resol. (combine EM 
calo and tracker) 

Similar electron and photon performances in CMS and ATLAS! 

ATLAS 



Electron/Photon ReconstrucHon 

•  Calorimeter‐based reconstrucHon  

–  Used for photons and electrons 
–  Photons do not match any track or match a conversion 

•  Electrons need to have a loose track match in (η,φ) and in energy 
vs momentum  

–  Bremsstrahlung recovery is part of default electron reco in 
CMS; various algorithms exist in ATLAS 

•  So�‐electrons (low‐pT and electrons in jets): extrapolate Inner 
Detector tracks to the calorimeter 

ParHcle ID is challenging: e/jet ~ 10‐5 at 40 GeV 



Electron ReconstrucHon Strategy 

CombinaHon of ECAL and Tracker InformaHon 



Energy Clustering in ECAL 

•  Bremsstrahlung recovery 

–  Search for the highest ET crystal 
–  Narrow η – larger φ window 
around the seed 

–  Superclusters are built by 
collecHng clusters of crystals in 
the road 

•  Energy esHmaHon 
–  Sum of the energies of the 
crystals in the supercluster 

•  PosiHon esHmaHon 
–  Energy weighted mean posiHon 
of the crystals in the supercluster 



Electron Seeding 

•  Search for the tracking seeds in 
the pixel detector is driven by 
energy weighted mean posiHon 
of super‐cluster 

•  Use primary vertex to construct 
trajectory between supercluster 
and vertex 

•  Look for pixel hits in window 
about trajectory 

•  Using pixel seeds build trajectory 
in to out and look for associated 
silicon tracker hits 

•  Fit trajectory 
•  Correct cluster energy for energy 

loss in material 



Electron track reconstrucHon 
•  Start electron tracking with seeds from 

supercluster driven match filter 

–  Energy loss for electrons is highly non gaussian 
–  (Bethe‐Heitler) energy loss modeled by several 

gaussians 

–  The Gaussian Sum Filter is used  
•  Loose χ2  (two best candidates are kept) 
•   a minimum of 5 hits required 

CMS 

Differences owing to choices of trajectory building parameters and energy loss modeling 



Efficiencies 

CMS 



Performance 
CMS •  Bremsstrahlung fracHon 

•  ECAL and Tracker esHmates are 
combined to obtain the final 
electron momentum magnitude 

brem fraction:  
(pin-pout)/pin 

Pin: momentum at the vertex 
Pout: momentum at the outermost hit 
pin‐pout ~ integral amount of bremsstrahlung 



Electron pre‐selecHon 

•  A�er the GSF track fit, track‐supercluster associaHons from 
the pixel match are preselected to build candidate electrons 

•  Aim is to be as efficient as possible with low fake rate 

•  Pre‐selecHon should be suited to any physics analysis 
involving primary electrons 

– Minimum transverse energy: ET > 4 GeV 
–  An η, φ geometrical matching: Δη < 0.02, Δφ < 0.1  

–  A cut on hadronic energy behind cluster: H/E < 0.2 



Electron Candidate Efficiency 



Electron IdenHficaHon 
•  At startup use cut‐based idenHficaHon based on simple and 

well understood variables 

•  Variables should be as insensiHve as possible to tracker mis‐
alignment  

•  Variables: 
–  H/E: RaHo of energy in HCAL behind SuperCluster to 
SuperCluster energy 

–  Δη : Delta η between SuperCluster posiHon and track 
direcHon at vertex  

–  Δφ: Delta φ between Supercluster posiHon and track 
direcHon at vertex 

–  σηη: cluster shape covariance 



Electron IdenHficaHon 
“loose” set of thresholds  “Hght” set of thresholds 



E‐scale correcHons, e classes 
•  Different track‐cluster paNerns due 

to brem in tracker material 
•  E‐scales correcHons depend on 

classes 
–  « golden electrons » 

•  Good E/p and phi match 
•  Low brem fracHon 

–  « big brem electrons » 
•  Good E/p match 
•  High brem fracHon 

–  « narrow electrons » 
•  Good E/P match 
•  Intermediate brem fracHon 

–  « showering electrons 
•  Bad E/Pmatch, brem clusters 

•  Tuned using Z→ee data 
–  MC needed for low pT region 

CMS 

CMS CMS 
Z→ee 

~60% showering 

CorrecHons 
from single e‐ 



Electron Classes 

Before correcHon… 



Electron Classes 
CMS 

A�er correcHon… 



“Class‐based” ID 
•  Can also introduce class based idenHficaHon with three 

classes based on E/p and fBrem 
–  Bremming electrons with E/p ~ 1 (liNle contaminaHon from 
fakes) 

–  Low brem electrons (high populaHon from both real and 
fake electrons) 

–  Bad track, E/p ≠ 1 

E/p 

f_Brem  f_Brem 

E/p 



Class‐based ID 







e/jet,γ/jet separaHon: isolaHon 
•  Isolation is a very powerful tool to 

reject jet backgrounds 
•  Track based isolation 
•  Calorimeter isolation 
•  Combined isolation 

H→4e signal (mH=150) 
Backgd: N      pT1,2,3,4>5 

CMS 

CMS 

CMS 

H→γγ signal  
(mH=120) 
Backgd: γ+jet 
pT1>40, pT2>15 

Rej>11 

Different working points can be chosen based on the necessary background rejecHon 



π0/γ separaHon 

ATLAS 

•  Once isolaHon has been applied, only jet with liNle hadronic acHvity 
remains 

Fraction of energy outside 
shower core

Rπ0 (G4) = 3.2  ± 0.2 

εγ = 90 %  

Results from G4 full simulation

Rπ0 (data) = 3.18  ± 0.12 (stat) 
Rπ0 (MC)   = 3.29 ± 0.10 (stat) 

--- Data 
--- G3 MC

Results from TB 2002 @50 GeV
ATLAS 

ATLAS 



SeparaHon using TRT 

ATLAS 
ATLAS 

90% electron efficiency 
2 x 10‐2 pion efficiency 



Electrons from b’s 

J/Psi 

ttH 

WH 

•  ReconstrucHon of electrons close 
to jet is difficult 

•  Dedicated algorithm required 

•  ATLAS low pT algorithm: 

•  Start with track reconstrucHon 
•  Build cluster around 

extrapolated track 

•  Calculate cluster properHes 
•  pdf and neural net for ID 

•  Performances on single tracks 

•  So� e‐ b‐tagging efficiency 
•  ATLAS: 60% for R=150 (WH) 

•  CMS: 60‐70% above 10 GeV 
miss rate ~1.5% (N and QCD) 

ATLAS 

ATLAS 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 e- id efficiency 

e efficiency = 80%                
J/Psi       :  1050±50 
WH(bb) : 245±17 
ttH(bb)  : 166 ±6 



ID efficiency 

•  Common method is “tag and probe” 
•  Uses event from known resonances (Z‐>µµ, J/

Psi‐>µµ and electron modes) 
•  Tag lepton: 

–  Passes strict ID requirements 
–  Typically require a single muon/electron 

trigger to be saHsfied 
•  Probe lepton: 

–  Reconstructed (but does not need to pass 
strict ID cuts) 

•  Require invariant mass of tag and probe leptons 
to match resonance (Z or J/Psi) mass 

€ 

ε =
#  of probes passing ID cuts

Total #  of probes



ID efficiency 

Agrees well with truth‐matching (<~1%) 
MC to go from e→γ in early data 
Later on use Z→µµγ for photon efficiency 

Z→µµ                          



Taus and Jets next Hme 


