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Remember?

Jets are bundles of particles with correlated kinematics
b —25% photons, rest charged and neutral hadrons

Calorimeters are detectors of choice for jets
b Generate signals from neutral and charged particles

Calorimeter response to particles depends on particle type

& More signal from electrons/photons than from pions of the same
energy (non-compensation)

& Larger intrinsic fluctuations for hadrons

& Direct proportionality of electron signal to incoming energy

&4 Hadron response is energy dependent

i Hadronic showers are less compact and larger

Jet response iIs a convolution of the jet particle content
with particle response

& Typically higher than hadron response
g Calorimeter signal definition affects image of jet in

detector
& Towers and clusters

Vs
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Leftovers from Lecture 1

How To Deal With Non-Compensation

% Can we get the hadronic shower branch signals up to
a signal corresponding to the electromagnetic signal?

& Lower fluctuations
1§ Direct proportionality of energy and signal
& : : . . :
,ﬁ One approach: cell signal weighting in highly
granular calorimeter

b Small signal densities in a calorimeter cell indicate hadronic
deposit and should receive an additional correction (weight)

& Pioneered by CDHS (1977) and developed by H1 (1992)

b High signal densities indicate electromagnetic signals and
don’t need additional corrections

& Dense, compact showers from electrons/photons
& But how can we determine these weights?

b 1t's mostly a matter of context: are we trying to determine
them for single particles (clusters) or jets

b ATLAS works with both approaches
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Leftovers from Lecture 1

Jet Calibration With Cell Weights

% Statistical approach

b Weights are determined by resolution minimalization fits with
calorimeter jets

<E(:J:Ito> = Z W(IOceII ) Xcell ) ' Ecells <Etjr3te>
cells

Truth reference typically corresponding simulated particle jet
Weights will include primary electromagnetic component of jet
£ Do we really want this? They should only correct hadronic signals!
b Weights compensate all signal inefficiencies, not only e/h

£ Dead material corrections, leakage

& Low level of factorization!

b Weights need to be determined for all jet finders and jet
finder configurations
£ Need to find the jet first in uncalibrated signals
& Then apply correct weight for given jet finder and configuration

&= E=

& Huge task!
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Leftovers from Lecture 1

Hadronic Calibration

% Why not calibrating calorimeter signals first?
b No jet context

b But need other context for cell signal weighting normalization
— topological cell cluster

@ £ Energy blobs follow shower shape somewhat
,f Cluster based hadronic calibration

b Advantages to jet context: can use cluster shape to
parametrzie cell weights
£ Measure compactness of signal cluster by cluster

£ Shape and size variables are easily reconstructed for each cluster
@& E.g. 2nd geometrical moments

? Allows factorization
Deal with e/h at detector level (not jet level)
Correct for local dead material at cluster level already

But need to apply further jet context corrections for particles
lost in magnetic field and dead material losses not correlated
with cluster signals

T = &
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Leftovers from Lecture 1

Local Hadronic Calibration

CaloCluster
(em scale)

!

electromagnetic

—— Cluster Classification

y

Dead Material
Corrections

l

Out-of-cluster
Corrections

CaloCluster

hadronic

+
Hadronic Calibration

l

Dead Material
Corrections

|

Out-of-cluster
Corrections

\ 4
a

(calibrated)
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Leftovers from Lecture 1

Cell Signal Weighting In ATLAS

g Weights are extracted from simulations
& Signals and deposited energies from single charged pion MC

NONEM; i escaped
+E ) / Ecell>

cell cell cell cell

W= <(EEm L [EMonEmyg +_E

cell cell

cem. A(|:EEm ) EnonEmvis:' t. 2 )
active”
—— Reconstructed em scale signal

—— Escaped energy (no signal contribution) ——

—— Invisible energy (no signal contribution)

lonization energy (charged hadron & muon signal contribution)

—— Electromagnetic energy (electron,positron,photon signal contribution) —

Electromagnetic shower branch «—

Purely hadronic shower branch «—

Weights are calculated as function of cluster & cell
variables

§ Signal environment used as additional indicator of hadronic character
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Leftovers from Lecture 1

Dead Material Energy Losses

? Tracking device in front of
a calorimeter T

IIJ And maybe even a cryostat o8 "
wall 0.4 1 T R R R A N R T

Try to use the cluster
signal to correct for the
losses . " R
b Inbetween e T T
& Central ATLAS! o7
b Between
& Endcap and forward cracks

,gf Approach:

b Correlate cluster signal with 04
nearby dead material energy 03
loss in simulations

b Do this for each dead 0.2
material region separately 01

~20Gev. Tt . .
—-200 GeV |- £ 5 f T {

Edm’ Egen

e

%PIIIIIITIIII[HIIIII\I|IIII

—20 GeV ; ; : ; Tf“ .
200 GeV |-

dml Egen

Nepr-p»

I?II\llllIlllllll[llllllllllllll

-
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Leftovers from Lecture 1

Local Hadronic Calibration Summary

% Attempt to calibrate hadronic calorimeter signals in
smallest possible signal context

l Topological clustering implements noise suppression with least
bias signal feature extraction

b No bias towards a certain physics analysis

b Good common signal base for all hadronic final state objects
& Jets, missing Et, taus

E Factorization of cluster calibration

b Cluster classification largely avoids application of hadronic
calibration to electromagnetic signal objects

& Low energy regime challenging

b Signal weights for hadronic calibration are functions of cluster
and cell parameters and variables

& Cluster energy and direction
& Cell signal density and location (sampling layer)

b Dead material and out of cluster corrections are independently

applied
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Overview

B e e S

¢
£ Lecture 2 (Sunday, October 5t", 2008, 12:30-13:30):
Jet algorithms and reconstruction

b Physics environment for jet reconstruction at LHC
b Jet algorithms and reconstruction guidelines

b Jet calibration strategies

b Jet Reconstruction Performance

T
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Jet Reconstruction
Environment At LHC
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Lecture 2: Jet reconstruction environment at LHC

Physics Environments
@ LHC

Physics environment different
from Tevatron
& Increased underlying event
activity (more phase space)

£ Already at lowest (initial)
luminosities —~1031-10%2 cm2 s

b Additional activity from pile-up

Interleaved Multiple Interactions

PL

P1max

b1

!
Py [

Pi2

Pis

Pia3

Pia

& Proportional to instantaneous Plmin 1 i temction
|Umin05ity 1 2 3 4 number
g 12 -
'gn : A PYTHIA6.403 - CSC tuning LHC prediction
S0 I
g0 | L T
3 i leading jet
% 8 [~ @ CDFdata LHC prediction: -7 \\\
g i x2.5 the activity 7 N
£} measured at </ \ \
5 6 Tevatron! .~ f A
B r e ++ 4 / ~o “toward” - \
3 B i ,AA.‘.A,A:A;1'th;f".‘."—a"‘iﬂ?uij&*AH‘_ 4 ++ + / \\\ |AQ|<60° _ - \
= e | “transverse” ~~_ _-~ “transverse”
5 | F IL | 60°<ApI<120° ™~ 60°<|Aq|<120°
O CIDF data (\Vs=1.8 TeV) ‘ / \ - “away” ~~ /
Qo | A 7 5 S
E, [ ,+¢++++++++ +m¢+++++‘+-+¢++.¢++¢+f HH’H \ -0 1aep12o N
z | :l’ + </ \7/
4 CDF data: Phys.Rev, D, 65 (2002) Rick Field’s (CDF) N //
E L 1 1 L 1 L 1 L L L 1 1 1 1 L 1 L L L L - - - /
0 0 20 30 4 50 view on di-jet events ~~__'__~-
pT leading jet (GeV) eV)
« e MEXICAN SCHOOL OF Slide 12 of 38 .
_/@é PARTICLES AND FIELDS Peter Loch UAPhySlCS

i I E—

55°.9-77 i

September 17, 2008

THE UNIVERSITY OF ARIZONA
College of Science

mpr-ipe



Lecture 2: Jet reconstruction environment at LHC

Pile-Up Events

Wy

Multiple collisions of other

§ Effect of high luminosity at
LHC

& Independent of (triggered)
hard scattering process

b Generates additional particles
and particle jets

Generates additional noise
INn detectors
4 High bunch crossing rate
creates signal history from
pile-up in detectors

& Sensitivity up to 25 bunch
crossings for “slow” detectors
(calorimeters)

Average contribution cancels

due to chosen signal shaping
Pile-up noise is not
gaussian

b Coherent effects due to
physics source

no pile-up added

g

i

E
protons in bunch crossmgs bl

E, ~ 81 GeV i

~ 58 GeV

¢ e+ MEXICAN SCHOOL OF
1244 PARTICLES AND FIELDS

OCTOBERQ // . | Py u::::'f-:-;u':'ﬂ;.::—

2008

Slide 13 of 38
Peter Loch
September 17, 2008

s E1{GEV)

-

7.5

15

12.5

10

7.5

LHC design luminosity pile-up

s

added

transverse encrgy E, [GeV]
B

RMS(E,) in jet

4 Barmal Reglon
2 Endsop Reqlen

nepr->»

jet size

10 12 14
SQAT|Araa) 121 Call Unilts



Lecture 2: Jet reconstruction environment at LHC

Final State At LHC

,3‘ Final state can make jet reconstruction more
challenging

b “Low activity” signatures like QCD di-jets (2->2 process
+ radiation)

& Mostly gluons, more quarks at high pT

i Busy final states in SUSY
& Many leptons
£ Many (quark) jets

£ Higher likelihood of signal overlap

{ Source of jet

4 Hadronic W decays in ttbar production
& W color-disconnected to rest of collision
& Quark jets

b Prompt photon + jet(s)

£ Mostly quark jet
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Lecture 2: Jet reconstruction environment at LHC

Physics Environments @ LHC

Discovery physics at LHC

i Expect extreme busy final 00 Gev 300 GoV YR
states 450 |
& Lots of leptons, missing Et and w00 b
jets O(10) in SUSY il
& Many x 10 jets in black hole '
production 300 £

& Good spatial resolution power 250 |
to find the jets ;

200
& Good energy resolution for ;

reliable missing Et calculation 150 ¢
b Need large rapidity coverage -
& Tag vector boson fusion 50 |
production of Higgs and P T BTSN Y SRS P .
exotics - Tagjet direction n
& WwWw, Wz, ZZ with associated
quark jets Direction of tag jets in Higgs VBF
% Iohrs\'lf'aer ag jets™ often go production for m,, = 100, 300, 600 GeV
& Jets are uncorrelated with
each other, but balance the this s a very old plot!

central system (Higgs)
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Finding Jets
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Lecture 2: Finding jets

Jet Definition

é Jet finding algorithm
and its configuration

b Seeded or seedless cone
and its parameters
& Cone size, seed threshold
& Recombination algorithm

b Recursive recombination
algorithms

& Distance parameter
& Recombination algorithm

,i_ Signal or constituent
definition

b Calorimeter towers or
clusters

Reconstructed tracks
Generated particles
Generated partons

S &= E=

“Snowmass”

ETjet = Z ET,i

1

Mier = £ et Z ET,i “17;
T
1

(Djet = Ejet ZET i ¢I
T

4-momentum

(B Pre) = (2B 22 P))

Slide 17 of 38
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Lecture 2: Finding jets

Theoretical Requirements

féf Infrared safety

J Additional soft particles should not
affect jet reconstruction

b See extra slides from Gavin Salam

b

infrared sensitivity
(soft gluon radiation merges jets)

UAPhysics
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(Animation courtesy of Gavin Salam)
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(Animation courtesy of Gavin Salam)

p,/GeV |
60 1

50 4

40 4

30 4

20 +

10 +

no overlap => jet

p,/GeV |

Draw cone
60 + .
Event with extra
soft particle
50 4
40 4
30 4
20 4 4+ =—F
|
|
10 A g : )
~—
|
|
0 L '
1 2 3 4 y


loch
Text Box
(Animation courtesy of Gavin Salam)



(Animation courtesy of Gavin Salam)
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(Animation courtesy of Gavin Salam)

p,/GeV |
60 -

50 -

40 -

30 -

20 +

10 +

no overlap => jet

p,/GeV |

Find hardest protojet
60 - .
Event with extra
soft particle
50 -
40 - .
|
30 -
20 A
10 +
0 - v
1 2 3 4y


loch
Text Box
(Animation courtesy of Gavin Salam)



(Animation courtesy of Gavin Salam)

p,/GeV |
60 1

50 4

40 4

30 4

20 +

10 +

no overlap => jet

p,/GeV |
60 1

50 4

40 4

30 4

20 +

10 -

no overlap => jet

Event with extra
soft particle

Hard jets

are different



loch
Text Box
(Animation courtesy of Gavin Salam)



Lecture 2: Finding jets

Theoretical Requirements

g:’i
&

{ Collinear safety

b Split energies (one instead of two ” -
particles) should not change the jet ,_ .

b See extra slides from Gavin Salam |

g
%8 T,

P
L
"..
=

-
TamrT g

collinear sensitivity (1) collinear sensitivity (2)
(sensitive to E; ordering of seeds) (signal split into two towers below threshold)
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S

500
400
300
200
100

p; (GeVic)

- — cone axis
< cone

(Animation courtesy of Gavin Salam)

rapidity



loch
Text Box
(Animation courtesy of Gavin Salam)



- — cone axis
< cone

L | cone iteration |
500 [~
T 400 [ —
a B |
S-_'), 300 i :
~ 200 !
o - I
100 : |
0 _| Il | Il Il (| Il Il Il | Il
-1 0 1
L ] L
jet 1 rapidity

(Animation courtesy of Gavin Salam)



loch
Text Box
(Animation courtesy of Gavin Salam)



p; (GeVic)

500
400
300
200
100

cone iteration

- — cone axis

< cone

jet 1 rapidity

(Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



cone iteration - — cone axis
< cone

500

400
300
200
100

p; (GeVic)

rapidity

(Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



cone iteration - — cone axis

500

400
300
200
100

p; (GeVic)

0 1

| < cone
|
|
|
|
1 I 1 1 ‘ 1 1
-1

rapidity

(Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



L | cone iteration | - — cone axis
500 [~ <> cone
P e E——
> B |
:(D'_)/ 300 B |
~ 200
o L
100 |
0 1 I 1 1 1 1 I 1 1 1 1 I 1 1
-1 0 1
rapidity

(Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



L | cone iteration | - — cone axis
500 N | <> cone
S0 - T
a B |
S—?, 300 i :
~ 200 !
o - I
100 : |
0 _| | Il Il Il I | Il Il Il Il | Il Il
-1 0 1
rapidity

(Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



L | cone iteration | - — cone axis
500 N <> cone
o I S e E—
a B |
S-_'), 300 i :
~ 200 !
o - I
100 : |
0 _| Il | Il Il Il I | Il Il Il Il | Il Il
-1 0 1
rapidity

(Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



L | cone iteration | - — cone axis
500 [~ <> cone
o S
a B |
S-_'), 300 i :
~ 200 !
o - I
100 : |
0 _| Il | Il Il Il I | Il Il Il Il | Il Il
-1 0 1
I — | .
jet 1 rapidity

(Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p; (GeVic)

(Animation courtesy of Gavin Salam)

500
400
300
200
100

cone iteration

- — cone axis
< cone



loch
Text Box
(Animation courtesy of Gavin Salam)



- — cone axis
< cone

L | cone iteration
500 [~ |
© 400 :
a B |
S—?, 300 - :
~ 200 I
o L
100
O 1 1 I 1 1 1 1 I 1 1 I 1
-1 0 1
I — | L
jet 1 rapidity

(Animation courtesy of Gavin Salam)



loch
Text Box
(Animation courtesy of Gavin Salam)



- — cone axis
< cone

L cone iteration |
500 [~
T 400 S
a B |
S—?, 300 - :
~ 200 |
o L
100 |
0 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-1 0 1
I — |
jet 1 rapidity

(Animation courtesy of Gavin Salam)



loch
Text Box
(Animation courtesy of Gavin Salam)



- — cone axis
< cone

L cone iteration |
500 [~
T 400 S
a B |
S—?, 300 - :
~ 200 |
o L
100 |
O 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-1 0 1
I — |
jet 1 rapidity
I — |

(Animation courtesy of Gavin Salam)

jet 2



loch
Text Box
(Animation courtesy of Gavin Salam)



- — cone axis
< cone

L | cone iteration
500 [~
© 400
a -
S-?, 300 -
~ 200
o L
100
O 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-1 0 1
I — |
jet 1 rapidity
I — |

(Animation courtesy of Gavin Salam)

jet 2



loch
Text Box
(Animation courtesy of Gavin Salam)



L cone iteration - — cone axis
500 [~ <> cone
© 400 +
a -
S—?, 300 -
~ 200
o L
100
0 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
-1 0 1
I — |
jet 1 rapidity
I — |
jet 2

Collinear splitting can modify the hard jets: ICPR algorithms are
collinear unsafe = perturbative calculations give oo

(Animation courtesy of Gavin Salam)
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Lecture 2: Finding jets

Experimental Requirements for Jet Finders

%_% Detector technology independence
b Minimal contributions to spatial and energy resolution
b Insignificant effects of detector environment
£ Noise
£ Dead material
& Cracks
l Easy to calibrate
& Well...
Environment independence
b Stability with changing luminosity
b 1dentify all physically interesting jets from energetic partons
in pertubative QCD (pQCD)
b High reconstruction efficiency
Implementation
b Fully specified
& All selections and other configurations known
b Efficient use of computing sources
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Lecture 2: Finding jets

Popular Jet Algorithms in ATLAS

Seeded cone
i Place cone with radius R
around seed
& pT>1GeV
Collect all particles in cone
Re-calculate energy and
direction of cone
& 4-momentum recombination
¢ Find more particle in new
cone
i Stop until no more particles
to be found
& Stable solution

& Particles can be shared
between jets

§ Is not infrared safe

& Needs split & merge (50%
threshold)

& May miss signficant energy
& Dark jets

bl e

Recursive recombination
(KT)
& Calculate for all particles i
and pairs ij :

d; = min(p;;, p;;)

D2
) AYi' +A¢i?

:mm(ptz,i,ptz,j)#

di = pt2,i

Find minimum d_;, from all d,

d;;

If dni, IS @ d;, call i a jet and

remove it from the list

Else combine i and j into a jet
& 4-momentum recombination

Calculate new combinations

StoF when all particles
declared jets

& Each particle is part of one
jet only (exclusive
assignment)

b Infrared safe

=& 95 5 -
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Lecture 2: Finding jets

KT Clustering Visualization
(Gavin Salam)

e Ut P .
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ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki

If djj recombine; if djg, i is a jet
Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0 for all towers

(Animation courtesy of Gavin Salam)
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p/GeV | ki alg.: Find smallest of

60 4 dij = min(k, ki) ARS/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet

Example clustering with k; algo-
20 rithm, R = 0.7

¢ assumed 0O for all towers

30 -

4y (Animation courtesy of Gavin Salam)
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(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

60 dij = min(k, ki) ARS/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet

Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

30 -

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

] dninis dij = 0.836886 .
60 . dj = min(kg, kg)ARG/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet
Example clustering with k; algo-
40 rithm, R = 0.7
¢ assumed 0 for all towers
30 4

4y (Animation courtesy of Gavin Salam)
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Text Box
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p/GeV | ki alg.: Find smallest of

60 dij = min(k, ki) ARS/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet

Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

30 -

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

604 dmnis dij = 1.42534 d,-j:min(kf,-,kfj)ARg/Rz, diB:kg,'
50 - If djj recombine; if djg, i is a jet
Example clustering with k; algo-
40 rithm, R = 0.7
¢ assumed 0 for all towers
30 4

4y (Animation courtesy of Gavin Salam)
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Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

60 dij = min(k, ki) ARS/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet

] Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

604 dminis dij = 2.34324 dU _ mln(kg,kg)ARi/Rz, diB — kt?/
50 - If djj recombine; if djg, i is a jet

] Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

60 dij = min(k, ki) ARS/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet

] Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

604 dmnis dij = 4.82803 d,-j:min(kf,-,kfj)ARg/Rz, diB:kg,'
50 - If djj recombine; if djg, i is a jet

] Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)
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Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

60 dij = min(k, ki) ARS/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet

] Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

604 dmnis dij = 6.98183 d,-j:min(kf,-,kfj)ARg/Rz, diB:kg,'
50 - If djj recombine; if djg, i is a jet

] Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

60 dij = min(k, ki) ARS/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet

Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

30 -

4y (Animation courtesy of Gavin Salam)
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Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

604 dminis dij = 8.83809 d,-j:min(kf,-,kfj)ARg/Rz, diB:kg,'
50 - If djj recombine; if djg, i is a jet
Example clustering with k; algo-
40 rithm, R = 0.7
¢ assumed 0 for all towers
30 4

4y (Animation courtesy of Gavin Salam)
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Text Box
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p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)
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Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dmin is dij = 8.93573 d,-j:min(k,_?,-,k,_?j)AR,?/Rz, diB:kgi
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dmin is dij = 9.75598 d,-j:min(k,_?,-,k,_?j)AR,?/Rz, diB:kgi
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

60 dij = min(k, ki) ARS/R?,  dig = ki
50 - If djj recombine; if djg, i is a jet

] Example clustering with k; algo-
40 | rithm, R = 0.7

¢ assumed 0 for all towers

0 1 2 3

4y (Animation courtesy of Gavin Salam)
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Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dmin is dij = 217.553 d,-j:min(k,_?,-,k,_?j)AR,?/Rz, diB:kgi
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0O for all towers

1 2 3

4y (Animation courtesy of Gavin Salam)
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p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)
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Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

dnin is di|B = 423. 445

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0 for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0O for all towers

4y (Animation courtesy of Gavin Salam)
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Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

dmin is di|B = 429.871

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0O for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0O for all towers

4y (Animation courtesy of Gavin Salam)
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Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

dmin is di|B = 870. 25

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0O for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0O for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV | ki alg.: Find smallest of

| dninis di|B = 1892.25 .2 2 2,52 2
60 dj = min(kg, kg)ARG/R?,  dig = ki

50 - If djj recombine; if djg, i is a jet
] Example clustering with k; algo-
40 rithm, R = 0.7

¢ assumed 0O for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



p/GeV |
60 A

50 -

40 -

ki alg.: Find smallest of
dij = min(k, ki) ARS/R?,  dig = ki
If djj recombine; if djg, i is a jet

Example clustering with k; algo-
rithm, R = 0.7

¢ assumed 0O for all towers

4y (Animation courtesy of Gavin Salam)


loch
Text Box
(Animation courtesy of Gavin Salam)



Jet Calibration
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Lecture 2: Jet Calibration

Jet Response

i‘f Jets are bundles of éi‘f Jet response in non-
particles compensating calorimeters
b —25% initial photons § Jet signal depends on
& Hadronic particles include fragmentation/particle
mostly pions, kaons, protons cqntent
and their anti-particles £ Significant jet-to-jet

response variations due to
more or less photons

jet _ pcalo loss loss loss loss gain __[Egain
Eree =Egp + Enag + Eiow + Eieax ¥ Eout — Ederu —E

& Different response!

true dep low leak out env
E§§;° energy deposited in the calorimeter within signal definition
Ene charged particle energy lost in solenoid field or:k/ cource
Eo particle energy lost in dead material of signal
Eo energy lost due to longitudinal leakage
E™ energy lost due to jet algorithm/calorimeter signal definition

E%N,, energy added by underlying event and/or pile-up

EX" energy added by response from other nearby particles/jets
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Lecture 2: Jet Calibration

Jet Calibration Strategies

& Preliminaries
§ There is no universal model for jet calibration
& Immediate consequence from the fact that there is no universal jet finder
(or jet finder configuration) appropriate for all physics
reconstruction/analysis
&£ Calibration approach depends on much more than detector signal
characteristics and signal definitions
& But there two general strategies
& Publications often refer to jets corrected to parton level

& lll-defined concept in pp (c.f. Gavin Salam)
& Maybe more useful in e*e- or deep inelastic scattering (?)

b At LHC jets are foremost calibrated to the particle (hadron) level

& First aim to reconstruct the energy carried by particles into the detector
(calorimeter, of course)
@ Needs detailed and most accurate detector signal simulations for testbeams and
physics processes
& Link to interaction physics needs full modeling of collision processes
@ Need all particles, not only hard scatter fragments (don’t really know which those
are anyway)

§ Factorize jet calibration as much as possible
& Better control of systematics
@ Can even use hadron testbeams to a point (see later)

g Most of all: every experiment needs its own model in the

end!
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Lecture 2: Jet Calibration

Jet Calibration Strategies Overview

¢
,ﬁ Two models:

& Model I: Calibration in jet context

& First find jet, then calibrate, then correct if needed
& Model Il: Calibration in cluster context

& Calibrate calorimeter signals, then find jet, then correct
(likely needed)

& Local hadronic calibration plugs in here!

,i_ Best calibration likely a combination of both
models

& Need to keep track of systematics!
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Lecture 2: Jet Calibration

Full Calibration in Jet Context

Find the jet using basic (electromagnetic)
energy scale signals in the calorimeter
& Assumes that all elementary signal corrections
(electronics etc.) are taken care of

b Relative mis-calibration between input to jet finder
can O(30%) or more in non-compensating
calorimeters

|

D

Calorimeter [¢& — — — — 1
Signals <
Reference
Jet Finder
uses

A 4

& Can be a problem especially for kT! [ “unca\IJi:trated” ] feedback
& Best for compensating
calorimeters, as basic energy
_ scale is —hadronic scale Calibration Jet feedback
4 . - Reference | Y5 calibration I
vf Then calibrate it
& Complex signal weights applied to cell signals in 1 :
jet (default) o _ _ Calibrated |
& Lower level of factorization of jet reconstruction Jet
& Many corrections absorbed in a few numbers |
4 Feedback of calibrations to basic signals (jet |
¢ constituents) for missing ET calculations etc. Final JES I
4 Apply final Jet Energy Scale (JES) corrections |
corrections ! |
b Correct for different algorithm, jet size, Physics o _!
calorimeter signal definition Jet
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Lecture 2: Jet Calibration

Cell Calibration Functions From Jets

%_% Sample of fully simulated QCD di-jet events from
pT=17 GeV/c to —4000 TeV/c
b Match reconstructed calorimeter jet with close-by particle jet
b Both jets reconstructed with Seeded Cone R=0.7
b Match only successful if only one jet close by
b Calorimeter jets are based on tower signals in a grid of AnxAn
@ = 0.1x0.1
‘,f: Determine cell signal weights (H1l-style)

! De-compose matched calorimeter jet into individual cell
signals

b Determine cell signal weights in resolution optimization fit
using truth particle jet energy as normalization

£ Weights are function of cell location and cell signal density
@& Dense signals — em, less dense signals hadronic

b Re-calculate jet four-momentum using cell weights
¢ £ Jet energy and direction change
,f Determine additional correction functions
b Different jet size, cluster jets, different jet algorithm (kT)
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Lecture 2: Jet Calibration

“H1” Style Cell Signal Weighting in ATLAS

;f Fit constraint for weights:

a Nevts

=

=1

I\|cells - .
[Z w(p;, Xi)Ei)_ Eforn | =0

£ ) i
,f Jet four-momentum calculation after fit

=1

Neeirs N .
(Erjeec;[o’ _irjeecfo) = ( Z W(pi9 X|)(E| > rji )jx \f (77jet9 ptje?a Wlth Ei — ‘ rj.‘

=] for reference jets

THE UNIVERSITY OF ARIZONA
College of Science
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Lecture 2: Jet Calibration

Cluster Context Jet Calibration

Calibrate calorimeter signals first as much as possible, then
find jets
i Detector motivated (use measured signal shapes)
& Applies calibration in the context of a specific calorimeter signal definition

(topological clusters)
@& No jet context needed

& Provides calibrated input to jet finding
@& Better for KT

& Needs final jet energy scale corrections

& Calibration derived from single particles

& Feedback of final corrections for
missing ET calculations etc.

& High level of factorization,
better control of
systematics (?)

¢ &£ To be investigated

't Provides hadronic
calibration outside of jet
context

& Previous discussion of local
hadronic calibration

etareglon[02 04] )
(JetRecoEn)/(JetTrueEn)
Etopo/{Ecalib+ TrueQOC + DMhit)
Eocc/(Ecalib+TrueOOC+Dmhit)
Ew/(Ecalib+TrueQOC+Dmhit)
Eem/(Ecalib+ TrueQOC+Dmhit)

g
'Y

]I[I!I

Reco/True JetEn
N

o’
True Jet En (GeV)

«0e MEXICAN SCHOOL OF Slide 30 of 38 A .
_/mé PARTICLES AND FIELDS T UAPhySlCS
Peter Loch S L
............... g & THE UNIVERSITY OF ARIZONA
s College of Science

) h "“321“5-7"2-_}1:— September 17, 2008



Lecture 2: Jet Calibration

“Data Only” Jet Calibration

Task

JES

Tool

PileUp Subtraction

Ebjst (njet > ¢jet ) = E % (njet > gpjet)
=25 (N M- i) - Ay

minbias events
(determine E/Et density
in pile-up as function of
# vertices, next slide)

Relative response
corrections (1,0)

Elet _

rel

f (njet7¢jet) Ejet (njet9¢jet)

di-jet pT balance

(equalize jet response of
calorimeter system with
respect to central region
in slices of ¢, next slide)

Absolute energy
scale corrections

)®E®

jet A~ jet
Erec o C( pt,rel 5 rel

photon/jet pT
balance in direct
photon production

(correct JES from pT
balance with photon, as
function of jet pT etc.)

AR A A4 4]
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Lecture 2: Jet Calibration

Conceptional - :
.. : g 0. uncalibrated
Features & Limitations . _ 8o ;
_ T o 084
€ ¥ O
g Data only approach from three oy o #fikft‘ﬁﬂ &{”f
different events 28 o 4 R
b MB for PileUp corrections sk 078 %
& Underlying event is folded in < Z 0.76 ,& v T we ?
¢ Di-jets for response equalization in S v o7 | v i”!‘. Ty -
pseudorapidity and azimuth 3T onf , :"!‘f R
&  Use central jet as reference 5 i 07E- : | : | {
&  Back-to-back topologies needed n l; Oésf_ { T
¢ Prompt photons for absolute JES fa) >UE .
corrections B e e T vty
&  Precision limit by photon B ) T
reconstruction quality and di-jet njet
background
&  Also theoretical uncertainties 70
(ISR,FSR) important for very high SRR L L
precision 5 - No iet fak .
$ Control of systematics seems to be w o 60 [T NOJTAReS =
possible 3 s C | With et fak ]
£  “independent” calibration and o — 50 . "hjettaxes ]
@ correction sources ya) —E— = ]
E More is needed care is needed... “2 LE =
E.g., mostly gluon jets di-jets versus E o - -
mostly quark jets in prompt photon 2E a0k -
production = n 3
% Absolute correction is to interaction T= 20 =
(parton) level, not particle level! = n ]
10 —
0 :I 1 1 1 I 1 L Ll I 1 L I 11 L L I L L L L I L L L ”InTl'l'_|m H IE
-2 1.5 -1 -0.5 0 0.5 1 1.5 2
Balance
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Jet Reconstruction
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Lecture 2: Jet reconstruction

CaloCells

(em scale)

Tower Jets In ATLAS

Tower Building

(AnxA@=0.1x0.1, non-discriminant)

Sum up electromagnetic scale calorimeter cell
signals into towers

CaloTowers
(em scale)

b Fixed grid of Ayx A¢ = 0.1 x 0.1
b Non-discriminatory, no cell suppression

Tower Noise Suppression

(cancel E<0 towers by re-summation)

b Works well with pointing readout geometries

& Larger cells split their signal between towers according to the
overlap area fraction

ProtoJets
(E>0,em scale)

Tower noise suppression
b Some towers have net negative signals

Jet Finding
(cone R=0.7,0.4; ki)

& Apply “nearest neighbour tower recombination”

Calorimeter Jets
(em scale)

&£ Combine negative signal tower(s) with nearby positive signal
towers until sum of signals > 0
£ Remove towers with no nearby neighbours

§ Towers are “massless” pseudo-particles

€ h .
& Find jets

Jet Based Hadronic Calibration
(“H1-style” cell weighting in jets etc.) g

§ Note: towers have signal on electromagnetic energy scale

¢ i i
Calibrate jets

Calorimeter Jets
(fully calibrated had scale)

§ Retrieve calorimeter cell signals in jet
Apply signal weighting functions to these signals

Jet Energy Scale Corrections
(noise, pile-up, algorithm effects, etc.)

=&

Recalculate jet kinematics using these cell signals
& Note: there are cells with negative signals!
Apply final corrections

b

Physics Jets

(calibrated to particle level)

L In-situ Calibration
(underlying event, physics environment, etc.)

Refined Physics Jet

(calibrated to interaction level)

»« MEXICAN

N RIS RS

Slide 34 of 38
Peter Loch

SCHOOL OF

UAPhysics

THE UNIVERSITY OF ARIZONA

%:‘;rsoazn m?_ // . I :

A
ST
e A

s

September 17, 2008

College of Science

shmison farmete s



|__ Cluster Classification

Lecture 2: CaloCells ___ Topological Clustering __| CaloClusters
(identify em type clusters)

(em scale) (includes noise suppression) (em scale)

CaloClusters

C I u Ste r J etS_ (em Scale,lclassified)

Jet Finding
(cone R=0.7,0.4; k) Hadronic Cluster Calibration

(apply cell signal weighting)

CaloClusters
(hadronic scale)

A 4

Calorimeter Jets
(em scale)

Dead Material Correction
(hadronic & eleectromagentic)

CaloClusters
(had scale+DM)

Out Of Cluster Corrections
(hadronic & electromagnetic)

Jet Based Hadronic Calibration
(“H1-style” cell weighting in jets etc.)

) CaloClusters
@‘ - - (locally calibrated had scale)
,f Two configurations
- - . - Jet Finding
& Local hgd rqnlc ca-llbratlon . nJee; =Fén7dén§ y (con6 R=0.7.04 k)
b Cell weighting using ! e
a tower jet calibration Calorimeter Jets Calorimeter Jets
g Can p rod uce j ets fro m (fully calibrated had scale) (partly calibrated/corrected)
I
any Stage Of CIUSter Jet Energy Scale Corrections
Cal 1 b ratl Onlcorrectl ons (noise, pile-up, algorithm effects, etc.)
+ . . .
Physics Jets | 'Q;i';‘;rﬁﬁ“tgﬂ?" _, Refined Physics Jet
(calibrated to particle level) physics en\yiroglment, ,etc.) (calibrated to interaction level)
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Lecture 2: Jet reconstruction

Deviations Signal Linearity

4 - i
4 Estimated effect of a distorted detector

5 _ 0.2<[y<04 20<|y| <22
- ?4_ AR AR R A N I F A A R S R A AN I
8‘_:’ 3F Seeded Cone Jets E Seeded Cone Jets
( Ecalo / ptruth ) Iy L i
jet jet alt 2 4k ¢:¢L\§_-% (; S‘”‘j’o g %ﬁ%%
= F + i CLE B T _ i
Jet U/ ref § N Reove 07004 |f Reone  0.7]0.4
2 -2 F Tower A j_ ATLAS MC Tower &
Effect of detector R Cluster| o [ 4 7 (preliminary) - Cluster| o | 4
distortion depends 8 4r e S B B s s s T TR
i : T 3k ky Jets - kp Jets
on jet size, calo =i ;
signal choice, and @ A SplY
kinematic domain: ob % ;&Q@Q __________
- £ AHIE
~ 2% for cone NaTyn R Tosla TE o™ T & Joslos
jets, up to —4% 2 i Tower | | o [|F | Tower e |a
=3 F % Cluster| o | & [ i1 Cluster| o | &
for central 4 T — It RN ;
(narrOW) kT jetS! 100 1.000 100 1000
Truth jet transverse momentum (GeV/c)
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Lecture 2: Jet reconstruction

Effect of
calorimeter
signal choice
on jet energy
resolution

Cluster jets have
better resolution
at low energies
even for non-
optimal cell
weights! ->noise?

( V Acyrel
TV _Aarel

=<

Vo

02<|y/<04

20<|y <22

:\5‘ 10 — R IR N T
< - e kfR=06 | e kfR=06
3° 5 [ o seeded cone R, =0.7 | o seeded cone R_,,.=0.7
: [ i i I : {}L I 1:(),:!;(‘
0r e e 1 P8 = 2 ?r%“w%--“-'---- - T AP e T e
B ) ”ﬁfﬁﬁﬁﬁﬁf&ﬁﬁ 1 T - %#@QS?*@i'y-l *
S Soadi - wf’“@‘f:“
o .2 C v
B J"_i:g"' ATLAS MC B ATLAS MC
-10 B (preliminary) C (preliminary)
’5“10:= R EEEE - : [ A A 0
= T |e krR=04 - ¢ kfR=04
a° 5o seeded cone R.pp = 0.4 [ o seeded cone Reppe = 0.4
0 - g ‘P§-.}. » 'L!*,". _»é4 - I ﬂ{x" o] | é 4 T ?q*“%?:....
S D e el OO OTORES [T S peon T HEORE
5t to.%*ﬁxﬁ”""-" ' C o o |
i i USRS
10 i ATLAS MC L ATLAS MC
C (preliminary) B (preliminary)
oy RSN RS
10 100 1000 10 100 1000
Truth jet energy (GeV)
N
ACy >0 c(E,.. )Y (o(E. )Y
A _ cluster tower
AN
> rel E E
AGreI <0 cluster tower
J
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Lecture 2: Jet reconstruction

Energy Resolution Differences

S r ; ; ATLASMC < 10r ‘ ATLAS MC
o 4: 02<y<04 7 (preliminary) & [ 20<y<22 (preliminary)
§ 2f g5 -
3 F <
0
L ) 0
2% ;o'.'é'—\lflgﬁ z i
B L4 _"?" T _ Y C '_%_ —_—
-4_ ,"rﬂﬂ.'; T % ' 1 N . .5 _»—(;—c¥ + I >—Jr\—4 -l-
- T - T e Lo T r
-6 i 1
- \ i B S ]
C -10 1 '
-8F \\ i /
_10_| L1 L1 L L

50 1 1 1 I1 00I 1 1 I150I 1 1 I200I 1 1 I250I 1 1 I300\ 1 350 - |100 1 1 200 1 1 1 300 1 | 1 1 400I 1 1 1 500 1 |600
Truth jet energy (GeV) Truth jet energy (GeV)

141

open symbols: cone, filled symbols: kT

12— --©- Jets from towers

10— —e— Jets from topo-clusters|

AGabs = Wa ) Ejet

Clear indication of noise suppression by E | e _
TopoClusters! e e

0505‘_11A52A253A354“45
Pseudorapidity
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