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© [Generic aspects of jet finding
@ What is a jet algorithm 7|
@ |Cone algorithms
o |Clustering algorithms|

@ [lets in Atlas
@ |Altas calorimeters and jets finding
@ |Jet algorithms studies|
° libration task for

@ |Analysing jets
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Motivation

QCD is everywhere at LHC
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Originate in QCD field theory

Usually classified in 3 levels

e partons (QCD pertubative regime)

calorimeter jet

e hadrons (QCD non-pertubative regime)

@ Detector jets
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Several important aspects
@ QCD physics of course....

@ Heavy particles decaying hadronically
(W, tops, ... 7)

@ Signature in associated productions

calorimeter jet

@ O(1%) E scale for precision
mesaurements....
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Finding Jets

First obvious question : how to define a jet
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(credits: G Salam)
How many jets in left plot 7 How many in right plot ?
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Jet Algorithm definition

calculation :

We need to link in a consistent way Calorimeter object to partons and QCD
: need same definition at all levels.

Groups of particles :
JETS

caimeer chsors =N
7N\

At first glance a jet algorithms is no more than

1 set of 4-vectors (=constituents)

4

several subsets (= jets)
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Jet Algorithms physics requirements

© Jet algorithms are involved in QCD physics calculations (x-section,...)

2 major features of perturbative QCD :

o infrared divergences ( ~probability of emitting a soft radiation goes to co)
e collinear divergences ( ~probability of emitting a collinear radiation goes to co)
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Jet Algorithms physics requirements

@ Jet algorithms are involved in QCD physics calculations (x-section,...)

2 major features of perturbative QCD :

o infrared divergences ( ~probability of emitting a soft radiation goes to co)
e collinear divergences ( ~probability of emitting a collinear radiation goes to co)

—these are calculation artifacts, jets algorithms must be safe with
respect to them (see examples, later). Otherwise

e Meaningless comparison to NLO calculation
o Detector anyway do not resolve full infrared or collinear radiations
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Jet Algorithms physics requirements

@ Jet algorithms are involved in QCD physics calculations (x-section,...)

2 major features of perturbative QCD :

o infrared divergences ( ~probability of emitting a soft radiation goes to co)
e collinear divergences ( ~probability of emitting a collinear radiation goes to co)

—these are calculation artifacts, jets algorithms must be safe with
respect to them (see examples, later). Otherwise

e Meaningless comparison to NLO calculation
o Detector anyway do not resolve full infrared or collinear radiations

@ Other desired features :

e boost invariance
o Independence of level
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Jet Algorithms experimental requirements

e Computing time

@ No detector dependence

@ Weak dependence on environment (pile-up !)
e Calibration (7)
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Jets algorithms families

There exist 2 main types of jet algorithms

Cone Algorithms

Geometrical motivation : energy flow in a fixed size cones
top-down approach

Clustering Algorithms

Successive merging of pairs of (proto)-jets
“Undoing QCD branching”
bottom-up approach

Other algorithms :

@ "Optimal Jet Finder” : Minimizes a function on a full event,
associating weights to each constituents

?
o EEEREINRIINNII MG
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Here is what a jets populated event looks like in the (1, ¢)plan

ntiKt 9, n, P (GeVic
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Cone Algorithm

Principle of an iterative Cone Algorithm : find “stable” cones in the
(n, ¢)plan

@ Start with a given direction d 4 A I

Pt
Constituents

I .
_—

1 23 distance (R)
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Cone Algorithm

Principle of an iterative Cone Algorithm : find “stable” cones in the
(n, ¢)plan

4 N

@ Compute P =) Pj(for i € cone ot A :
around d) phe
Q if A(d, P) > ¢, move don P, goto 2 A A(d, Piiz) > €
[ _
123 distance (R)
-
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Cone Algorithm

Principle of an iterative Cone Algorithm : find “stable” cones in the
(n, ¢)plan

4 N

J l V14243
Pt

A(d, Pryas3) < e

|
l: .
_—

1 23 distance (R)

.....I..i...----

@ else all 7 in cone define a jet |
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Atlas Cone Algorithm

o Atlas cone is seeded : directions d on which iteration starts are high
Prconstituents only : all i such as P7(i) > Prseed

A

Pt

E{J::w'fnp

S

el S

distan%é (R)

@ In case of overlap, a split-merge procedure is applied :

o Merge into 1 jet if Eoyerap > f (where f=0.5)
o Separate 2 jets if Egveriap < f
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Infrared safety

As other seeded cone algorithms, Atlas cone is not infrared safe

—Event topology differs at LO and NLO
— NLO calculations are meaningless

Last meaningful order

Credit : JeClu, ATLAS | MidPoint | CMS it. cone | Known at

G. Salam COne [ic-sM] [ICrrp-SM] [IC-PR]
Inclusive jets LO NLO NLO NLO (—» NNLO)
W<Z + 1jet LO NLO NLO NLO
3jets none LO LO NLO [nl oj et +H
WdZ + 2 jets none LO LO NLO [MFM
Me iN2) + X none none none LO
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Other issues

Some subtle problems may appear with no-careful algs.

The “Dark Towers" : for some Cone Algs, (including Atlas Cone), some
energetic constituents may be left over :
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A safe cone algorithm SISCone

A solution to the above problem is SISCone : Seedless Infrared Safe Cone.
(Salam, Soyez, arXiv:0704.0292 [hep-ph])

SISCone consider ALL possible cones in the (Y, ¢) plan, and retains only
the stable ones.

Contrary to other seedless algorithm, SISCone is fast

—>Became the reference cone algorithm
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Clustering Algorithms

Idea is to undo QCD branching of perturbative QCD (E; < E;, 6;; < 1) :

2a5Cp dE; do;;
™ min(E,-, EJ) (9,'J'

[dkj] | Mz g, ()| ~
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Clustering Algorithms

Idea is to undo QCD branching of perturbative QCD (E; < E;, 6;; < 1) :

2a5Cp dE; do;;
™ min(E,-, EJ) (9,'J'

——take closest pair with minimum energy first, and merge them together.

[dkj] | Mz g, ()| ~

At Hadron collider, we use the Kt algorithm.
Define :

(2. 2 ARiJz' 2
dij:m/n(pTiaij) R and dieam = PT;

And proceed as follow.
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Kt Algorithm

@ compute d = min(dj;, dg;) for all (i,j) ™

Pt

distance (R)
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Kt Algorithm

Q if d = djjthen ot

distance (R)
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Kt Algorithm

merge protojets i and j, ot
goto 1.

distance (R)
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Kt Algorithm

Pt

distance (R)
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Kt Algorithm

A
Pt
if d = dpg;jthen define i as a jet, remove
it from list
distan‘é’; (R)
\_
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Kt algorithm family

Kt algorithm is collinear and Infrared safe. But has inconvenient :

@ Irregular, complex shape

@ ‘“vacuum cleaner” effect
Some variants have been studied : replace distance definition by

A R,?
RZ

. 2 2
dij = m/n(p-,-‘;, pr)

2p
and diBeam = Pri

EENREIARIINR I NGRS

P.A. Delsart (LPSC) Finding hadronic jets in Atlas| December 10, 2009 18 / 42


http://lanl.arxiv.org/abs/0802.1189v1

Kt algorithm family

Kt algorithm is collinear and Infrared safe. But has inconvenient :

@ Irregular, complex shape

@ ‘“vacuum cleaner” effect
Some variants have been studied : replace distance definition by

A R,?
R2

. 2 2
dij = mm(pTF;a pr)

2p
and diBeam = Pri

© p=1: Kt algorithm. Priority to low Pt constituents
© p=0: Cambridge variant. Purely geometrical
© p=-1: Anti-kt variant. Priority to high Pt constituents

o

Anti-kt very recent (Salam, Cacciari, Soyez |arXiv:0802.1189, independently of Atlas
development [Atlas CVS ;)]), has several advantages.
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Anti-kt Algorithm

Standard Kt tends to eat low Pt constituent :

1.
This situation is likely to occur very often with

@ noise

@ Underlying event
@ Pile-up

eaten by the jet

e A

2 separate jets

1 1
[

EEEEEIEINEI NN NG s
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Anti-kt Algorithm

Standard Kt tends to eat low Pt constituent :

R
J_L»

eaten by the jet

This situation is likely to occur very often with
@ noise
@ Underlying event
@ Pile-up

Anti-Kt tends to isolate better high Pt component :

e A

1 2 separate jets

1 1
[

EEEEEIEINEI AN GAE
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Anti-kt Algorithm

As an aside feature, anti-kt is very regular (sometime more than cone
algorithm)

s 3

A dot = a constituent

4
Colored groups = high Pt jets n

*oF CI
g b, ¥

P Finding hadronic jets in Atlas December 10, 2009 20 / 42




Jet Algorithms : summary

Jet Algorithms link experimental objects to theoretical calculation

They must follow some constraints, in particular

Infrared and collinear safety matter !
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Jet Algorithms : summary

Jet Algorithms link experimental objects to theoretical calculation

They must follow some constraints, in particular

Infrared and collinear safety matter !

Recently performant and safe algorithm have appeared
@ SISCone

o Anti-Kt

@ more to come... ex: variable R anti-kt algorithm, ....
Let's see how they behave in Atlas.
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Jets in Atlas

In the following

© Basics
Calorimeters, inputs, base calibration

@ On-going work in Atlas
Studies on algorithms, calibration efforts
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Atlas calorimetry

o Liquid Argon / (EM central, Hadronic End-cap)
e Scintillating Tiles (Hadronic calo)
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Atlas Calorimetry

Some key points :
@ Good (n, @) granularity , 6 depth segmentations (+presampler)
e EM : ~ 0.025 x 0.025
e Had: ~0.1x0.1

@ Non compensation, ratio ¢/h =13 — 1.6
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Atlas Calorimetry

Some key points :

@ Good (n, @) granularity , 6 depth segmentations (+presampler)
e EM : ~ 0.025 x 0.025
e Had : ~0.1x0.1

@ Non compensation, ratio ¢/h =13 — 1.6

This is crucially important !

Electromagnetic shower inside jets are significant with large fluctuations
—need a dedicated calibration to correct the hadronic part
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Atlas Calorimetry

Some key points :
@ Good (n, @) granularity , 6 depth segmentations (+presampler)

e EM : ~ 0.025 x 0.025
e Had: ~ 0.1 x0.1

@ Non compensation, ratio ¢/h =13 — 1.6
@ Liquid Argon : slow bipolar response (~500 ns)

Prof2000V 943533824 Prof2000V_943533024
Entries 32
= = Mean 375
= 2 Meany 0,001435
r s A RMS 2236
F f RMSy 03027
0.8~ o
o
E
04—
F °
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Jet Software in Athena

L:‘Sﬁ‘:?j{?z]}:‘”es: ‘\‘\\\\]///Z’{:Jet Algori Wé
- ﬁélonmeter clusters| J— gorithm — |
AN N

Jet Software designed to be as flexible as possible

Groups of particles :

JETS

@ Any type of input (Truth, tracks, clusters, towers,...)
@ Any type of jet algorithm
@ Any calibration method

o Keep track of constituents (Navigation)
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Calorimeter Input to jet finding

What types of constituents ?

@ Calorimeter tower

o Simple : All projective cells in a given
(n, ¢)direction

@ no noise suppression (only make sure no
E<O0 input)

@ Topological clusters

o Use 3 dimensions and expected noise

o Start with seed cell
(|E|>40bruit ) —recursively associate
neighbour cell |E|>20p,,;r—associate
border cells |E|>00 pryit

© “TopoTowers”

o Combine above solutions
o Use towers
o Include cells only if they belong to a

d o
P.A. Delsart (LPSC) Finding hadronic jets in Atlas|

Jet constituents

L7/ /

Calorimeter
Tower

Calorimeter
Clusters
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Baseline calibration

Atlas explores 2 strategies for calibration of reconstructed calorimeter jets

Global calibration ("H1Topo/TowerlJets")

@ H1 style calibration : each calo cell has a calibration weight

@ weights depend on energy density, position, energy.
o weights are fitted on MC, comparing truth particles jets with reco jets

@ Historical, conceptually simple approach

Local calibration (“LCTopoJets”)

@ start from topological clusters
@ Apply hadronic calibration to clusters (according to cluster variables)
@ Run jet finding from calibrated clusters

@ New promising approach
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Advantages of local calibration

Use calo granularity

Noise suppression

o preselected cells
(40/20/0)

e But sensitive to lumi
conditions

(GeV)

o,

Clusters +—hadrons

Factorised corrections

o hadronic /
electromagnetic
classification

o Dead material

o Out-of-cluster energy

@ Better flexibility for analysis
level corrections
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On going work in Atlas

@ Effort on new Jet algorithm
Focus on AntiKt and SISCone

@ Jet calibration & early data
Data-driven techniques
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New jet algorithms studies

@ Theoretical feature discussed earlier
o First studies in Atlas

EENREIARIINR I NGRS

P.A. Delsart (LPSC) Finding hadronic jets in Atlas| December 10, 2009 30 / 42



algorithms studies

@ Theoretical feature discussed earlier
o First studies in Atlas

Pile-up study on W hadronic decay
TopoK6Jel_ mratio [Wl .

G - L
160 o.a}l { I ]
1401 0.25F ] I ]
120 E
100 3 { j
80f- 0.45f \ I I ] J
601 o1
40F E
i oosf-
& E | L |
82°04 06 08 T T2 T4 16 if % 700 200300 400 500

TopoK6Jet_ mratio vs n ; . . . -
Low luminosity o.aj—//‘\\\//L_\L,r‘_‘_L( 3

Central Calo jets 0zsf E
Study ratio mass ratio : 02f \ E

M(pileup) / M(no-pileup)

0.15[ E

. o1 4
Anti-kt R=0.6 F E
Kt R=0.6 0.05F |
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New jet algorithms studies

@ Theoretical feature discussed earlier

@ First studies in Atlas
—>Dedicated set of studies dedicated to Antikt and SISCone algorithms
Many aspects tested :
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New jet algorithms studies

@ Theoretical feature discussed earlier
o First studies in Atlas

—>Dedicated set of studies dedicated to Antikt and SISCone algorithms
Many aspects tested :

@ Reconstruction efficiency/purity : better overall performance for
AntiKt

o Trigger : better efficiency, consistency w.r.t L1 or offline for AntiKt
@ Linearity : all equivalent within 1-2%
@ Resolution : antikt equivalent or slightly better

@ Pile-up : Antikt more stable, less sensitive

Conclusion : Atlas adopts Anti-kt. AtlasCone to be dropped
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Jet Calibration plans with data

H1 & Local calibrations described above
helps to understand the needed hadronic cal-
ibration.

However they rely on MC simulation

=== 1

How do we make sure really MC describes
the data ?

(if doesn't we don’t have a correct energy
scale)

—>need data-drive methods
—>need to validate the MC

Jet properties
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Data-driven corrections principle

Use known physics

@ Phi symmetry : intercalibrate response
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Data-driven corrections principle

Use known physics

@ Phi symmetry : intercalibrate response

@ Measure average energy deposition in random triggers (—offset
subtraction)
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Data-driven corrections principle

Use known physics

@ Phi symmetry : intercalibrate response

@ Measure average energy deposition in random triggers (—offset
subtraction)

@ Pt conservation : Clean, selected di-jets event should have an average
0 Pt
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Data-driven corrections principle

Use known physics

@ Phi symmetry : intercalibrate response

@ Measure average energy deposition in random triggers (—offset
subtraction)

@ Pt conservation : Clean, selected di-jets event should have an average
0 Pt

@ Assume excellent electromagnetic calibration
Use ~v+jets and Z+jets event, balance the jet Pt against the EM Pr
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Data-driven corrections principle

Use known physics

@ Phi symmetry : intercalibrate response

@ Measure average energy deposition in random triggers (—offset
subtraction)

@ Pt conservation : Clean, selected di-jets event should have an average
0 Pt

@ Assume excellent electromagnetic calibration
Use ~v+jets and Z+jets event, balance the jet Pt against the EM Pr

@ Many more information can be extracted, compared to MC, etc...

e association to tracks, vertexes
e jet moments, areas
e energy fraction in calo samplings
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Data-driven technique

o Absolute energy scale correction
At least 2 well advanced techniques using Z/~ + jets

o Balance jet Pt against well measured Z.v

@ Missing Et Projection Fraction

Particle Level Detestor Level
L ¥ (tag)
hads
_ _ . -+ meas
Priag + Prrecon = 0 Priag T Prrecon = —Er
— ~omeas
Rreconl 14 Er g
Brog Prie

For back - to -back events Rie: ~ Rrecoit

o Dijet events
use relative Pt balance for
@ resolution estimation
o relative 7 calibration
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Data-driven techniques

o Multijets event

o calibrate one high Pt jets against recoiling lower Pt calibrated jets

o Many others
o Pile-up corrections using “Jet Vertex fraction”
@ associate each jets to a reco’ed vertex, choose only primary vertex...

o Layer energy fraction for resolution improvement
o Cell weighting derived using y+jets events
o ...

o In-situ techniques

o Needed to achieve the final goal : O(1%) uncertainty
o In ttbar events : uses the W mass to constrain jet E scale
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Calibration framework

Basic calibration scheme is planned to be

Ecorr — (Ebase _ EO)C('U)C(PT)

Ebase —E at EM, LC or H1 scale

Eq: offset correction

C(n): relative eta correction (di-jet balance)
C(pT): absolute scale (ex: Z/Jet balance)

+ optional corrections based on tracks, moments,...
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Jets are Here (2.36TeV collision)!
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Validation work already started

Cluster E7 distribution. PRELIMINARY

\s = 900 GeV
e  Data (Run 141707)
minimum bias MC (Pythia)

YT T T T Ty

b,

Al I, il
4000 6000 8000 10000
Ef MeV) on EM Scale

PR B
0 2000

s (

EENREIARIINR I NGRS

P.A. Delsart (LPSC) Finding hadronic jets in Atlas| December 10, 2009 37 / 42



Conclusions

Recent renewal of activity in Jet Algorithms
@ new algorithms
@ better performances
@ Atlas now uses AntiKt
Atlas focus in the Jet domain is now calibration and validation
@ intense development of calibration methods and tools
e MC/Data comparison have started...

@ So far everything look promising !
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Analyzing structure of jets

Kt algorithms have an history (the sequence of proto jets merging)
Valuable information can be extracted.

Particularly useful for highly boosted hadronic decays (top, new gauge
bosons, ...)
2 examples :

o Ysplitter
o Jet Filtering
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Ysplitter variable

Ysplitting : define a “y-scale” as y;; = ARngTjet

@ by convention yjobeing the last merge in history
@ One can study several inner scale yi2, y23,...

3
gmof‘m —
© [ ATLAS Preliminary
= g0F
% - @ QCD Jots (2251)
& 80 @ wets(1817)
-~ I
?D_—
60|
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40k
30p
201
10}
b B e all?
cb 10 20 30 40 50 60 70 B8O 90 100
Single Jet Mass (Me\)
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Jet Filtering

Goal is to extract 2 jets from a highly boosted H — bb decay

(Pt ~ 200,300 GeV).

Start with a large Cambridge alg (R=1.2) of mass m then go back in
history

@ At subjets (f,j) with m; > m; drop i if m;j close to m and P; > P;.
Continue with next subjet pair.

@ Else define (i, j) as the 2 constituent jets. Use to compute angular quantities
(AR(bb))

@ Then filter : find 3 hardest small jets amongst content of (/,j). Use to
compute Higgs quantities

filter

EENREINRIINRE NG S
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Jet Filtering

Goal is to extract 2 jets from a highly boosted H — bb decay

(Pt ~ 200,300 GeV).

Start with a large Cambridge alg (R=1.2) of mass m then go back in
history

—
filter

Study by Butterworth et al. arXiv:0810.0409
Improve Higgs mass resolution —better efficiency :

Jet definition os/fb|op/tb|S/VB- b

C/A, R=1.2, MD-F| 057 0.51 0.80

Ki, R=10, yeut 0.19| 0.74 0.22

SISCone, R = 0.8 0.49| 1.33 0.42
EESREINEEIARIING S|
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http://xxx.lanl.gov/abs/0810.0409

Other Jet analysis

o Jet Areas
Exists may ways of computing area

o “Active”, “passive”
e convex hull
o calorimeter area

Used to tag UE/Pile-up jets or to subtract offset corrections

o Jet Moments
Generic quantities computed from jet constituents:

<X>2=) XE?/> E?

usage : jet calibration, tagging

EENREIARIINR YGRS
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