Reconstruction



>> Event reconstruction <<

The process of interpreting the electronic signals produced in a
high-energy physics (HEP) experiment's detector to determine
what original particles passed through the detector and their
characteristics.



>> Event reconstruction <<

{ Tracking and Vertexing
o Hit Point
o Track Finding
0 Track Fitting
0 Vertex Fitting
1 Particle ID
o0 Electron and Photon
o Muon
{ Jet Identification
o Identification of b-jets



Track Reconstruction

(Slides are reused from https:/indico.tlabs.ac.za/event/112/contributions/3196/attachments/1062/1453/MM_Tracking_TIPP_2023.pdf)



Tracking Systems in 'Old Days'

At the beginning of particle physics, the techniques for observing particles
were developed together with the physical ideas about them.

Most techniques were based on optically observing their paths and
recording them by photographs.

A first tracking detector was the cloud chamber invented by Wilson in 1910:

Particles traverse supersaturated water/alcohol vapor. The e /ion pairs in
the track act as condensation nuclei.




Bubble Chambers

The bubble chamber was invented by D. Glaser in 1952 (NP 1960).
Particles traverse a superheated liquid and the deposited energy creates
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Discovery of the Q7 in 1964




General Requirements for a
Tracking System

Some general statements can be made on general requirements of a
tracking system:

Detect charged particles with high efficiency

Precise measurement of particle track (direction, origin, etc)

Momentum measurement

Determining the sign of the charge, possibly also the charge itself

Particle identification for example by dE/dx

Study impact parameter, that is the distance of the track to the expected
point of collision

Robust measurements in environments with many tracks

Operation for a long time, in particular also able to stand a lot of radiation
without aging

Cheap

Experiment specific requirements will often surpass these.



Magnet Field Configurations

In HEP experiments three field configurations are used:

1) Dipole fields

(for fixed target - IB . i
experiments) hI > 4
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2) Solenoidal fields
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3) Toroidal fields toroids > toroids
(for muon system of
collider experiment)
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Track Parameters in B-fields ()

In magnetic fields, the particle path can be derived starting from the Lorentz

force: FLore'ntz = 77“.}‘ =q ({" X E)
Assuming a homogenous B field, which can be directed along the z axis
allows to solve for v: M S
i(t) = | —vrsin (nwpt + o)
Vs

with @_=|q|B/y m, n=q/|q|, and v_= vX2+vy2

Integration gives
) v o j , )
) zo + T sin (nwpt + o)
Z(t) = | yo+ =L cos (nwpt + ¥yg)

nwp
20 + vt

=> Helix trajectory
with 6 parameters X ,y,v.,m, ® , ¥




Solenoidal Setup

The calculation for
dp/p is completely
analog to the sagitta
method

\_//M -
o(pr)|* _ pr o(z) [ 720
PT N 03|Z| BR2 N +4

1) Momentum resolution improves quadratically with radius

2) Momentum resolution improves linearly with the B-field

3) Detectors with better spatial resolution helps

4) Number of track points also improves the result

5oL\ YL&#S! - *-*&G#H/ 2&L&] &4. - &+ #8E



Example ATLAS TrackingPerformance

The estimate of

det
Opr

0.0004 - pr fits well with the official detector

requirement of o /p. = 0.05% p_(GeV/c) + 1%
The additional 1% is given because of the material budget of the inner

detectors:
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KF for Track Finding

1) Find a seed track: This is often a combina-

torial approach using the 2-3 outermost R L
layers and an inner layers of measurement. _ e —
The outside is chosen, because tracks are *f P
separated and possible combinations are %}_-L(gpiff-_—{ 5;_-'75’ T

reduced.
2) Make a track estimate: Based on the currently available track points and

their errors, a prediction is made for hits in the next detector layer.
3) Looking for hit: If hit is found, add it to track and update the track
prediction for the next layer.

AT

direction of flight =

< direction of filter



Advantages of the KF

It is easy to take detector effects into
account surface k — 1 scattering matter surface k
Energy loss J [ —
Multiple Scattering «*/;'
Bremsstrahlung -
can be accommodated by recognizing BT -~
the effect and correcting for it in the T

next step.

filtered state gy,

measurement my

REVI. MOD. PHY., 82, 2010, 1419

[
zZ=2p z2=2

A filter can be built, that stores the intermediate results of the filter

] outliers such as noise or hits from close tracks can be identified and
removed afterward.
The best parameter estimate can be given at any point.

Because of the flexibility, the algorithm is widely used for tracking objects in
real time:
Radar tracking, sonar ranging, satellite orbit computation, automated driving



CMSSiliconTracker

All-silicon design: L _ o L
" Allows for higlhINS OA aA 2y OKIFNHSR LI NUAOf S
Essential in particle identification, heaflgvour tagging, trigger decisions,

vertex reconstruction;
Largest Si tracker in the world: ~200 area, ~135M electronic channels

Comprised of the Pixel (innermost parts)

" 4 layers in the barrel (BPix) and 3 disk (FPix) in the forward regions:
Yy 1,856 Pixel modules.

and the Strips sudetectors (outer parts)

" 10 layers in the barrel (TIBOB)nd 12 forward disks (TIDEC):
Yy 15,148 Strips modules.

00 02 04 06 0.8 1.0 1.2 1.4 ) Micro-strip sensors
21200, A Stereo modules
81000 E — _ ’ ’ ‘ ’ ‘ ’ l 18 (two components
e B e S | | \ i e > with a 100 mrad
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Trackreconstruction in CMS

CMS _simuiation Preliminary
Few,but precise measurements: s apfMideenee M e
Dead material inside the tracker volume :
Main tracking algorithm: CombinatoriatackFinder
used in iterative steps:
" limits the number of combinatorics in pattern
recognition
" tracking reach guaranteed, w/o degrading
computing performance

Reconstruct Clean Reconstruct



Trackreconstruction in CMS

In each iteration, tracks are reconstructed in four steps:
1. Seeding
* provides track candidates, with an initial estimate of the trajectory parameters and their
uncertainties (use combination of pixel, strip or mixed hits);
2. Pattern recognition
" hits compatible with the predicted track position are added (Kalman update) to the
trajectory and track parameters are updated,;
3. Final fit
" taking into account the field non uniformity and a detailed description of the material
budget;
provides the best estimate of the parameters of each smooth trajectory after combining all
associated hits (outlier hits are rejected);
4. Selection
" sets quality flags based on a MasedMVAwith more than 20 inputs;
aims to reject fake tracks; tracks sharing too many hits are also cleaned as duplicates;

1 3

Particle’ s parameters
— e o —— (q/p,lambda,phi,d0,dz)

— —~ ] Seeding
d
layers




The tracking challengelatiC

The tracking challenge at the LHC:

" typically 30 charged particles within the tracking volume acceptance
per proton-proton collision
and 5060 collisions per event: O(1500) charged particles per event;

These need to be reconstructed:
© with very high efficiency>90% for &eV pions)

precisetrack parameters
verylow fake rate O(~ few %)

quickly(stringent CPU limits)
Verystrong requirements on track reconstruction algorithms

Trackreconstruction is not just about reconstructing charged particles:
" used in almost every element of reconstruction

Y
I, =

‘\p\@ (7% . o

vertex reconstruction

0—06 ol

pile up removal jet flavour tagging




Summary for Tracking

Trackingalgorithms need to provide highuality tracks efficiently
andwithan efficient usage of resources:
high tracking and vertexing performance is a must (despite
challenging conditions at the LHC);
To provide more precise and accurate track reconstruction
sophisticated algorithms, technigues and calibrations have been
developed.



Vertex Reconstruction



Vertex Reconstruction

Particles produced in the collision decay fast, but they can fly a certain
distance before decaying:

|=Bycn
Particle | m (GeV/c?) | 7 (107*%s) | I(pt = 10 GeV)
T 1070 0.290 500 pm
D" 1.865 0.410 700 pm
D+ 1.869 1.040 1700 pm
NS 2.286 0.200 300 pm
B 5.367 1.512 800 pm
B* 5.279 1.641 900 pm
Np 5.619 1.425 800 pm




Vertexing

Vertexingstarts from a set of tracks.

Then proceeds into two steps:
Clusterlng group together clos®y tracks
In cluster candidated he algorithm used is —
deterministic annealing; Clustering
Fitting fit vertex properties of those clusters |
from those of the tracksl'he algorithm used J#
ISAdaptive vertex fitting algorithm;

Vertexingis based on
optimizing an energy (assignment) L.{J
function with a penalization entropy term: -
" Starting at very high temperature (T)
all tracks are assigned to one single o
Cluster; P-TS="% p =) g I Py log(Pi)
As we loweiT, splitting the cluster ZZ 4 ZZ
Into severalbecomes beneficial; 2,
lteratively update assignment j = — -
probabilities P while loweringT * - * =2

provides a final robust estimation of
the clusters.




Impact Parameter

impact parameter

P

Impact parameter d_ quantifies the mismatch to the

primary vertex (PV)
The impact parameter significance S, = dolcsOIO

serves as selection criterion to distinguish tracks
from primary or secondary vertices.

The track as measured by the tracking detectors has to be extrapolated to the
vertices. This can be done with

Linear extrapolation y = a + bx (no magnetic field)

Quadratic extrapolation y = a + bx + ¢x? (good approximation for helix in B)

Errors on the vertex position y is given
for linear
approx. by  0dy = 0y = \/03 + x202
or for quadratic approx. by

1
Ody = Oy = \/(1(2z -+ :1‘:12,02 -t Z:I:%/Ug -} .’If,%,()'ac

v




Example of Decay Chain

|dentifying the primary vertex (PV), secondary vertex (SV) and tertiary vertex
(TV) is important to understand the decay chain of the particle and to
reconstruct its mass and life time completely.
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Muon Reconstruction

(Slides are reused from https:/indico.cern.ch/event/242419/contributions/520665/attachments/412163/572720/ LHCFrance_MuonReco_NVranjes.pdif



Muon detectors

DT

(Drift Tubes)
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Algorithmsin Muon Detectors

LocalReconstruction:Find TrackSegmentsvhich held information about position and direction of
muon crossingone chamber. TrackSegmentsare formed by straightline fit usingmulti-hit measurementsn
stations.

DT: hit positionw.r.t. wire computedfrom drift time; r-. (8meas.Jandr-" (4meas.); directiomeconstructed
independentlyand combinedinto segment

CSC: 2Dpoints from wire and strips measirementsin plane Build segmentusinghits from up to 6 planes

RPC: secondaryimportancein track reconstruction(measure3d hit only)

StandAloneMuonReconstruction

Basedbon the KalmanFilter Technique
Propagationwith energylossesjn non-constantmagneticfield.

Seeding; definition of initial trajectory state.

Online input (position,momentum)from L1trigger

Offline: globalanalysisof segments Seedkinematicsis estimated by simple parametrisationof
bendingin/between segments.

ForwardPattem Recognitionpre-filtering) goesfrom mostinner to outer muonstation. Segments
compatiblewith trajectory (.2based)are collectedconstrainingtrajectory state.

BackwardPatternRecognition TrajectoryFitting: propagatingoutsidein update trajectorywith
individualhits from segments(. 2based) Optionallyupdatefit with vertex constraint



Algorithmsin Tracker
GlobalMuon:

DefineRegion of InteresfROl)whichdescribessupposedrack parametersat vertex (basedon
StandAlone Muon reconstrucitonand assumed tolerances).

Offline: reusetracksfrom standardtracker reconstruction
CombinatorialTrackFinder(CTF} KalmanFilter based algorithnconsistingof globalhit based seeding,

inside-out pattern recognition,final cleaning fitting andsmoothing(backwardfitting).) Selecttracks
compatiblewith ROI.

Online: run regionaltracker track reconstructionin ROI(find pixelhit pairsor triplets which are
compatiblewith ROI).Standardtracker CTRcustomizedcleaning.

Matchtrackertracksto StandAlone Muon (checkirajectory compatibility on intermediate surface).
Refittrack usinghits from TrackerTrackand StandAloneMuon.

TrackerMiuon

(offline only, alternativeto start with StandAlone Muon)

Reusdracksfrom standardtracker reconstruction

Foreachtrack combinemuon signatures(energyin calorimeters,segmentcrossedoy extrapolation,
discancefrom chamberedges)

Flagtrack asTrackerMuon if track hasMIPsignalin calorimeteror at leastone
matchedmuon segment



Alignment

Thestructureof the CM3etector isnot rigid:

A 1-3 cmdeformationdue to magneticfield
A 5-15mm due to gravity(weight)
A 500% Ydue to change# temperatureand humidity

Reconstructiorrequiresa preciseknowledgeof the locationof the
detector components

(ex.In ordernot to degrade momentunmeasurementsn muon
system:200x Yinther-, ).

Alignmentscenarios: CMS strategfor alignment is basedon:
wldeat assumesa perfectly placeddetector «Opticalsystem

oSStartup our best estimateof _ - .
alignmentat dayone olrackingfrom collisionscosmics halo)
wlLongterm: our expectationof

improvedknowledgewith data



Electron & Photon Reconstruction

(Slides are reused from LFinco, LPC Physics Forum 2021



Definitionof Calorimeter

w In particlephysics aalorimeteris adetector measuringthe energycarried by
an incomingoarticle

w Instrumentedblocksof matter in which the particlanteractsanddeposits
all its energyin the form of a cascade of particles

w Theparticle energyismeasuredin
eV (MeV-GeV TeV 10F, 10° 102 eV)

w 1 eV=energyacquired by one
electronacceleratedoy 1 V

w Thetemperature effect of a 100 |
GeV particlen 1 litre of water
(at20aC)isnT= 3.83101%K

https:// doi.org/10.1007/978-3-319-47999-6 53
1



GeneralFeaturef Caloremeters

w Calorimetryis acdestructivee method
w The energys measuredy total absorptionof the particle

w A calorimeterconvertsthe energyof an incident particléo a detectablesignal
proportionalto the incomingenergy

w Calorimeterscan measuréhe energy oklectromagneticradiation (electrons,
photons)or hadronicparticles(chargedoions, protonsneutrons)

w Thecharged componenof the particles'cascadedeposits energyn the active
part of the calorimeteiand it isdetectedin the form of chargeor light

w This talks mainly focused oalectromagneticcalorimeters

" https:/ doi.org/10.1007/978-3-319-47999-6_53
1



ParticleMatter Interactions

w Inmatter electronsandphotonsloose energy Bs Y ey |
Interacting with nuclei andatomicelectrons

£
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.',:n?{’

w Main photoninteractionswith matter:
w Photoelectriceffect
w Compton scattering
w Pairproduction
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ParticleMatter Interactions

w Inmatter electronsandphotonsloose energy
Interacting with nuclei andatomicelectrons

w Main photoninteractionswith matter:
w Photoelectriceffect
w Compton scattering
w Pairproduction

w Main electroninteractionswith matter:
w lonization

w Bremsstrahlung
w 2 S NG yadidiad
w Multiple scattering 10

At collidersinterestingelectronsand
photonshaveusuallyE >1 GeV

£
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Cross section (barns/atom)

(b) Lead (Z=82)
o - experimental Gy,

\Pair production _
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ParticleMatter Interactions

Pair production
w Inmatter electronsandphotonsloose energy g

Interacting with nuclei andatomicelectrons

w Main photoninteractionswith matter:
w Photoelectriceffect
w Compton scattering
w Pairproduction

w Main electroninteractionswith matter: Courtesy of S. Harper
w lonization
Bremsstrahlung Bremsstrahlung

W
w 2 S NE jadiatian
w Multiple scattering

Theseprocessesrethe basisof the
electromagneticshower

— .
T ——— - ° .

Courtesy of S. Harper = ’



ElectromagnetiShower
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w Electrons and photonsreatea cascadgshower)of particles
w Numberof particlesN
w Isproportional to the energyof the incomingparticle
w Increaseantil the energyof the electroncomponentfallsbelowE,
(criticalenergy~5-10MeV)
w With E< E aslowdecreasein numberof particlesoccurs aslectronsare
stoppedandphotonsabsorbed
w Longitudinalextensionof the shower igproportional to In(E/ E)



ElectromagnetiShower

Related to radiation length
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The evolution of an electromagnetic shower through a material is dictated by:
wRadiation length(® ) :
w aSlty RA&aOGFIYOS AYy UKAOK |y StSOG
w ndtry 2F YSIYy FNBS LI IGK 2F | LIKZ2
wMoliere radius(L ):
w PhrE: 2F aAaK2gSNHaAa SYSNHé Aa O2ydal .
w UH contain 95% of its energy



[ | £ 2 NADESgCRalddRdstics

w Sizeof the detector. the longitudinaldepth ofthe detectoris dictatedby
X, andis driven by the required resolution
w SmallX;allowsto reduce calorimetesize(compactness)

w Cell sizetypically chosen such that BD%of energyof a centrally
Incomingparticle is depositedan the cell, while havingenergyin the
neighbouringcellslarge enougho measurethe centreof gravity
coordinates

w Relatedto Mg

w Granularity. sizeof detectorelements

In the transverseandlongitudind

direction, which determineghe ability

to resolvetwo showersinducedby . *"%é" .
nearby particlesasdistinct. It depends 7 X :
on the showersize,distancefrom the e ol o P

Interactionpoint andtransversesizeof
detectorelements/cells >



LHC Requirementsr Calorimeters

w Fastresponse(25 nsor faster)andhigh granularity, to reduce pileup
Inducednoise

w Radiationhard detectorsand electronics

w Hermeticandcoverthe fullazimuthal anglendrapidity rangefo tag
veryforwardjets and welimeasurethe missingenergy

w Excellentelectromagneticeenergy

resolution . Hypothetical X — yy signal
w Todetectthe two photondecay of on top of background
an intermediatemassHiggggolden
channeltogether with HZZIAl)

poor detector resolution

/

—— good detector resolution

pp — yy background

Courtesy of C. Mariotti



ECAL Energy Reconstruction

w Energyinthe ECAbbserved as aulse
as the photongrom the shower arrive
overtime

w Thispulse shapasconvertedto an
energy(E® A, signal channel
amplitude)

w In case obut-of-time pile-up events
multiple pulsesfrom different bunch
crossingsre generated

w They leado anapparent increased
amplitude measurement

w Theamplitudesof different pulsesare
resolvedby fitting the multiple pulse
shapessimultaneously
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Electronand PhotonReconstruction

w Firststepisto constructindividual particlesfrom the reconstructed energy
deposits (clustering)

w Theclusteringprocedurelooksfor localmaximaabovea giventhreshold (1 GeV
w Energiedbetweenoverlappingadjacentclustersare shared



Clusteringof Crystald€Energy

Unclustered energy Energy shared by two clusters

yd

e
|

D

Clusters corresponding
to electrons/photons

w Found5 clusterdan this region of the ECAL

w Eachonerepresentsthe energy depositof a particle (electron/photon)

w In practicenot this clean often clustershavea verylarge numbeiof crystalswith
smallenergy fraction



Superclusters

Supercluster Incompatible with the supercluster

\

w An electronor photon when it arriveso ECALmaybe accompaniedoy multiple
secondaryparticlescreatedthroughinteractionswith matter on thewayto ECAL

w Superclusterindclusteringon clusters)aimsto combinethe individual electrons
and photongnto a single objectcorrespondingo the original electron/photon

w It startsby takingthe highestenergycluster(in this case the light bluene) and
looksfor compatibleclusters



ElectronTrackReconstruction

w Electrondeavea signal irboth tracker and calorimeter

w Electrontrackshavechangingcurvature becauseof radiative energylossdueto
bremsstrahlung

w Adedicated tracking algorithnknownas GSKacking is usedb takeinto
accountthesechangesn the curvature

w Usedto associateadditional bremsstrahlungradiation andohoton conversion
tracksto the supercluster

Bremsstrahlung

ecal energy
deposits

no interaction

interaction

) '
on |.--]\,r.—‘[ 5

Courtesy of S. Harper

Pair production

ecal energy
deposits

conversion
track

conversion
track

Courtesy of S. Harper



Refined Superclusters

W

Supercluster

Recovef a very soft bremsstrahlung
photoninto the refined supercluster

Refined superclusterase the informatiorfrom the tracker, to be ableto link
bremsstrahlungemissiongo missedeCAldeposits and reject somausterswhich

are highlyincompatible with its matchetracks



Energy Corrections

w Energydeposited by electronand
photonsin the ECAland collected
In superclusterss subjectto losses
w Energyostin gaps
w Large amount ofmaterial
upstreamof the calorimeter
w Calorimetermeasurements
more sensitiveto pileup than
tracking

w Tocalibratethe reconstructed
energy backo generatedenergya
correction procedurdas needed

w Based orsimulation

w Usesmachine learning
technigues

w Applied ondataand MC
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ReconstructiorPerformance

Electronreconstruction
efficiencyis higherthan 95%
for E> 20GeV andis
compatiblebetweendata and
simulationwithin 2%
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Electronand Photondentification

w Severavariablesare developedto separateelectrond photonsfrom
background(jets, photon conversionsparticlesfrom secondaryertices)

w They exploithat electrons/photonsare singleobjectswhichare almostfully
containedin the ECAL

w Many different types.

w Showershape variables

®>
0

Trackmatchingvariables

W
w ConversionD variables
W

Isolation variables

==
LA




Electronand Photondentification

w Severavariablesare developedto separateelectrond photonsfrom
background(jets, photon conversion, particlefom secondaryertices)

w They exploithat electrons/photonsare singleobjectswhichare almostfully
containedin the ECAL

w Many different types Arethe energy deposits

o the calorimeterscompatible
w Showershapevariables with comingfrom a single

Trackmatchingvariables electron/photon?

W
w ConversionD variables \
W

Doesthe ECAMdeposit

Isola/tionvariables havea compatibletrack?
Is there a large amount Arethe trackscompatible with coming
of other partides from the collision p0|nt’7 Or do they
nearby the appearlater on inthe tracker?

electron/photon?



ShowerShape Variables:

w ;. Isone of themostimportant electron/photonID variablean CMS

w It measureghe spreadof an electromagnetichoweralongieta direction

w Abx5array of crystalsis the areavhere an electron/photons almost

fully contained

Most
i d) — energetic
/ crystal of
5x5 array
I _
CMSEgammaRun3IDvariable "I
5X5 — E
g o = 2 wi(Ni—Nsxs)
inin — E?XSWL'
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ShowerShape Variable$i/E

w H/Eis theratio of the hadronicenergyto the electromagneticenergy
w ExcellentiDvariableusedin electronand photonidentification

w Verywell modelledin simulation

ECAL HCAL 4151 (13 TeV) 2017
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ConversioriD Variablesk,

w 5Sx5matrix contains 96.5%97.5%)pf unconverted photonenergyin EB (EE)

w R is theenergysumof the 3F3 crystalscentredon the mostenergetic
crystalin the superclustedivided bythe energyof the supercluster

w R helps inconversionsk R S y (i A dndid distin@uishreal photonsfrom
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Jet Reconstruction

(Slides areresused from https:// indico.cern.ch/event/975141/)



Event Reconstruction

L

@
/
A
I\

neutral hadron
from energy imbalance

Tracker-Calo Link hadron

d 3. ldentify ‘charged hadron candidates’ among
the links by associating calorimetric energy to
track momenta, when tracks are close

2. Link tracks and the calorimetry clusters based 4 Photon” and ‘neutral hadron’ candidates
on spatial proximity from excess energy

1. Build muon candidates (not shown), tracks, an
calorimetry clusters



Particle Flow Event Reconstruction

clusters and tracks Particles o=
- T f cMs
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Particle Flow Event Reconstruction

detector Tracker ECAL HCAL Muon

v required ¢ allowed ¥ not expected/ignored at this step X vetoed



Jet Clustering

Event reconstruction provides list of particle . .-'.’°: s
candidates ! ‘.'-.0..‘ f .. s
il T WagYWaEY!I T JacqllWwbt GIF -c "’r '. .LLIX:.n Li;lgc |+ G]RHu
hadronization (jets) with the initialpartons of ';.,‘-.-1-:. o % oy ... .-
the hard scatter event - ‘e,
mIWNG Rt WRY Wi YUOWWAH! WHt IJhJe.Up,o] If%wu *%ELI'E IJcﬂIzLIFIu e t
algorithms: e . .t h° Yo ; .
mWf T JUqRN! W 3IJT + We UI'LLII U2 Ri ;‘Jﬂc LLII IJHeJ -4 R
procedure to associate other particles e 1.35 o
until the whole event is clustered EE‘ S 4 Sl
mW9 YUq! YOGaUTl WH! weOweUne i C| L RHG]C U 1w
measure e.g. AR=0.4 ('slim’ jets) or --,’, \ o
0.8/1.0/1.2 (‘fat' jets) that defines the i .‘ T {ee™
angular size of the jets : ... ' ‘ :



Jet Clustering

The parton shower is governed by QCD and contributes
many soft and collinear particles

* Collinear splitting & soft (‘infrared’) particles shouldn’t change jets

Jet ‘catchment’ area should be a disk of radius AR in An, A
coordinates, even in dense environment of many pile-up particles

Anti-k; algorithm satisfies all criteria!
|. Select a cone size R (e.g. R=0.4)
2. For particle i, compute all distances d; and d.

p—

dip = = =0 R2 of close & energetic particles
2

. 1 1 \AR} p, 2 prefers early merge
dij = min ’ =3
Pri P1;

3. If a pair (ij) has smallest distance in d
Repeat step 2.

merge & add momenta.

ij

4. Otherwise label jet, remove from list, start again with 2. until fully
clustered.

Desired properties
of jet clustering algorithms:

bad good

Collinear-Safety

bad good
SO

N e S

Iﬁ?ra red-Saféty



Jet Algorithms

Cambridge-Aachen (CA)
Same as kT but only using AR

k; algorithm

use p;2 instead of p;?2
late merge of high p+
objects (interesting for
jet substructure
information)

Anti-ky
Standard algorithm

SisCone algorithm
Tries to find ‘stable
cones’ when

iterating an association
procedure

WM



Jet Substructure

* secondary light quarks
vertex

neutral
particles

charged
particles




Tagged Jets



