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The material presented in this lecture series, which has been designed for ATLAS graduate students at the University of Arizona, is
mostly used to explain complex signal features of calorimeters and other detectors we are using to analyze the final states in
hadron collider experiments. Its intent is to be educational only, and it most certainly does not represent present evaluations of the
actual performance of any of the experiments mentioned. Matter of fact, in some cases older low performance features, long since
understood and corrected, are enhanced in the discussion for educational purposes, just to highlight the motivations and tools for
the solutions applied. Also, there is a clear bias towards the methodology used by the ATLAS experiment, because | have been
involved in this experiment for now 15 years. A serious attempt was made to show only common knowledge or otherwise
approved specific material, of course — and to provide citations when available and appropriate.

The more than 200 slides comprising this lecture series would not have been possible to collect without the direct or indirect
input from the HERA, Tevatron, and LHC experiment communities, and from colleagues from theory and phenomenology. It is a bit
unfortunate that not all the knowledge available today, reflecting the result of hard work of so many people, could be included
here. Nevertheless, | like to acknowledge everybody who helped getting us where we are today with the understanding of the
detectors and the physics of hadron collisions, in particular with respect to jet reconstruction. | like to recognize and thank the
colleagues who, in the last few years, spent nearly endless hours with me discussing topics related to these lectures, and without
whom | am sure my own understanding of these subjects would not be as far advanced as it is today. Please find the names on the
next slide.

For those of you who are reading these slides, and would like to use them for the purposes they have been put together for,
please feel free to do so. Please let me know of any even smallest error or inconsistency, or any improvement concerning the
wording and displayed material — thank you for that! | also appreciate suggestions for extension or change of focus, of course. The
best way to contact me is by e-mail <loch AT physics.arizona.edu>.

Tucson, April 29, 2010

Peter Loch

Department of Physics, University of Arizona
Tucson, Arizona 85721

USA
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The following people significantly contributed with their work
and ideas to the material of this lecture series — in some case
probably without their personal knowledge (yes, | was
listening). Also, these are the people who pushed my
understanding of the jets in the hadron collider environment in
sometimes more or less controversial discussions, which |
deeply enjoyed, by issuing relevant comments, or by raising
interesting questions. Last but not least | am grateful to the
colleagues who invited me to report on jet physics related
topics at workshops, conferences, and seminars, either in form
of lectures, or as introductory or status talks. Thank you all for
this — it helped me a lot to understand the often complex signal
features we see in hadron collisions.
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Introduction
Sources of jets and missing transverse energy at LHC
Hadron cellision environment

Principles of calorimetry in High Energy Physics
Interaction of particles and matter
Calorimeter design, principles

Characteristic features of operating calorimeters.in hadron collider
experiments

Hadronic final state in high energy hadron collisions
Characteristic signatures at highest energies
Experimentalist’s view on partons and particles

What are jets?
Theoretical guidelines for finding jets
Jet finding algorithms and jet definition
Reconstructing jets in the experiment
Calibrating jets
Jet substructure reconstruction

P. Loch
U of Arizona
May 05, 2010
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Focus on the experimental aspects

Unfolding hadron collider physics from detector signals
Triggering, acceptance, calibration, resolution

Mostly discussed using the LHC collision experiments (“ATLAS bias”)
Accumulation of experiences from previous experiments
Occasional highlights from SPS, HERA, Tevatron,...

Lecture style
Informal
Please ask questions — we should have sufficient time!
Student talks

Possibility to present selected aspects (end of semester)
Material

Some material is private to the ATLAS experiment

Mostly used to explain signal features

Use only material with publication reference for public talks
Slides on the web

Look for link on http://atlas.physics.arizona.edu/~loch
Will try to upload as soon as possible after each session
Literature
A Embedded in slides
% Will extract and put on the web soon!
S|



P. Loch

THE UNIVERSITY Large Hadron Collider U of Arizona

. OF ARIZONA. May 05, 2010

Machine
Occupies old LEP tunnel at CERN, Geneva,
Switzerland & France
About 27 km long
50-100m underground
1232 bending magnets
392 focusing magnets
All superconducting
~96 tons of He for ~¥1600 magnets
Beams (design)
pp collider
7 TeV on 7 TeV (14 TeV collision energy)
Luminosity 1034 cm2s?
2808 x 2808 bunches

Bunch crossing time 25 ns (40 MHz)
~20 pp collisions/bunch crossing

Heavy ion collider (Pb)
Collision energy 1150 TeV (2.76 TeV/nucleon)
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Machine

Occupies old LEP tunnel at CERN, Geneva,
Switzerland & France

About 27 km long
50-100m underground
1232 bending magnets
392 focusing magnets
All superconducting
~96 tons of He for ~¥1600 magnets

smue.  Beams (design)

2008 (27 km)

pp collider
me} 7 TeV on 7 TeV (14 TeV collision energy)
@ Luminosity 1034 cm2s?!
B L <4 Easklven 2808 x 2808 bunches
" T . I Bunch crossing time 25 ns (40 MHz)
LINAC @ p ~20 pp collisions/bunch crossing
. ¢ Heavy ion collider (Pb)
~ LINALC =3 R
lons ma Collision energy 1150 TeV (2.76 TeV/nucleon)
¥ ion b E 5 [ 3] l'—'ll' pi 'I!'."II: ——— /'—'II'.||'-"'.Z'-II conversion P neutrinos » electron
LHC Large Hadron Colider PS5 Super Proton Synchrotron PS Proton Synchrotron
AD  Antiproton Decelarator CMNCLS  Carn Neutrinos to Gran Sasso
LR LowEnergylon Ring  LINAC LiMear ACcelerator =T~ Meutrons Time Of Flight
50 MeV 1.4 GeV
LINAC2 |— PSB \ 26 GeV 450 GeV 7 TeV
o PS [5] SPs [| LHC
LINAC3 —{ LEIR 2.76 TeV
per nucleon

Proton acceleration chain:
LINAC—Proton Synchrotron Booster (PSB)—Proton Synchrotron (PS)—Super Proton Synchrotron (SPS)—LHC

JA

r . . .

5 Pb ion acceleration chain:

% LINAC—Low Energy Ion Injector Ring (LEIR)—Proton Synchrotron (PS)—Super Proton Synchrotron (SPS)—LHC
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Machine
Occupies old LEP tunnel at CERN, Geneva,
i Switzerland & France

About 27 km long

50-100m underground

1232 bending magnets
LHCE 392 focusing magnets

e ——— TR L
Past and future scenarios:

- Mn_f"‘ch Area

Initial collisions (little physics, lots of detector commissioning)

2009 900 GeV center of mass energy )
2.38 TeV center of mass (world record)

Collisions for physics (restart mid-February 2010)

2010 7 TeV center of mass energy, 102°-1032 cm™2s?, up to 1 fb!

-2011

"1 2012 Shutdown to prepare for 14 TeV center of mass energy

Latest status and plans at

nucleon)

http://lhc-commissioning.web.cern.ch/lhc-commissioning/

Ps || sps || LHC

» »

LEIR 2.76 TeV
per nucleon

LINACS

\ 4

Proton acceleration chain:
LINAC—Proton Synchrotron Booster (PSB)—Proton Synchrotron (PS)—Super Proton Synchrotron (SPS)—LHC

Pb ion acceleration chain:
LINAC—Low Energy Ion Injector Ring (LEIR)—Proton Synchrotron (PS)—Super Proton Synchrotron (SPS)—LHC
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Enormous reach in (x,Q?)
Low X at relatively high Q2
Mostly unvcovered so far

No experimental data for

parton densities

Validation of proton
structure part of LHC
physics program

Must rely on evolution of
HERA structure functions

QCD probes whole region
Di-jet production
b/c-quark jets
Prompt photons

— _(einl + 61772 )

Kinematic Domains @ LHC

P. Loch
U of Arizona
May 05, 2010

Atlas and CMS

Atlas and CMS rapidity plateau

1
F [
10 7: E— DO Central+Fwd. Jets
- E= CDF/D0 Central Jets
6 7 H1 / /
107 Z1Tev
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Fragmentation of gluons and (light)

quarks in QCD scattering Fermilab SSC
Most often observed interaction at LHC CERN l "Hf i
T I [ I :
1 mb—
— T
o
= s
o1ubl
g 5
< %
5 — —
L= o
= B k=
“1nb L ©
o
f=
— OzF (mg = 500 GeV) g"
Ot -1 H
— 10
m =175 GeV
top
e}
1pb — . - 100 GeV i 7
o, | g
~  m_=1Tev | — 10
a Higgs |
—  my= 500 GeV : -
| | | L
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Fragmentation of gluons and (light)

quarks in QCD scattering do? np \inclusive jet cross-section
Most often observed interaction at LHC c (_j Ty
dndp; 1 TeV j
" E QCDLO, p=Er2
10° [ \/_ =1.8 TeVV ——creosm i
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Collisions of other partons in the

) . Interleaved Multiple Interactions
protons generating the signal

interaction Pl
Unavoidable in hadron-hadron Pl b m o L
collisions pi1 |--ghadint _____________________
Independent soft to hard multi-parton ISR
. . I R
interactions .
. L. puo bl grult int
No real first principle - SR
b---t------- FBBBE -~~~ ———————--—- -
calculations N N i R i
13 r-—-——7r——""""""ft ~"""""~"“~""“@" “"“~"“"“~"~"~"~=-—-
Contains low pT (non-pertubative) QCD S L
Tuning rather than calculations L I I £
.. . . [T ottt it it
Activity shows some correlation with el D DR ISR T %
hard scattering (radiation) P1min 1 _
» interaction
pTmin, pTmax differences 1 2 3 4 number

Typically tuned from data in physics
generators
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Collisions of other partons in the

protons generating the signal Rick Field’s (CDF) V!e‘é" on dti'
. . et events
interaction — .
Unavoidable in hadron-hadron .. 4 JAY0)
collisions leading jet
Independent soft to hard multi-parton - N
interactions y d \\
No real first principle £ f A
/ ~ “ " -
. ~o toward - \
calculations / T~ _|Agl<60° -7 \
. ) “transverse” ~~_ _-_ “transverse”
Contains low pT (non-pertubative) QCD { 60°<Ao]<120° = 60°<|Apl<120°
Tuning rather than calculations \ _-" “away” "~ |
. : : -7 |AgPr120° S~
Activity shows some correlation with \ -7 [A¢}>120 Sl /
hard scattering (radiation) <\ /\ /y
pTmin, pTmax differences N _ /
Typically tuned from data in physics ~~__--
generators

Carefully measured at Tevatron

Phase space factor applied to LHC tune Look at activity (pT, # charged

in absence of data tracks) as function of leading jet
One of the first things to be measured pT In transverse region
at LHC
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Collisions of other partons in the
protons generating the signal
interaction

Unavoidable in hadron-hadron
collisions
Independent soft to hard multi-parton
interactions

No real first principle

calculations
Contains low pT (non-pertubative) QCD
Tuning rather than calculations

Activity shows some correlation with
hard scattering (radiation)

pTmin, pTmax differences
Typically tuned from data in physics
generators

Carefully measured at Tevatron

Phase space factor applied to LHC tune
in absence of data

One of the first things to be measured
at LHC

Underlying Event

Number charged tracks in transverse region

CDF data: Phys.Rev, D, 65 (2002)

12 -
L 4 PYTHIA6.403 - CSC tuning LHC prediction
i LHC prediction: x2.5 the
10 - activity measured at
i Tevatron!
8 __ & CDF data
S
6 |
B . ‘:‘,‘_.‘.-;—-A-—AJ"tA‘A—“:“:‘:A"‘i‘kkAf*l*:*** ++++++AH+
s b
- &
- & + +
| & F 3 +
A Gttt it
| AW
| CDF data (Vs=1.8 TeV)
é | | | | | | | | | | | | | ‘ | | | | | | | | |
0 10 20 30 40 50

pT leading jet (GeV)

P. Loch

U of Arizona
May 05, 2010

Model depending extrapolation to LHC:

~In?./s for PYTHIA

~Iny/s  for PHOJET
but both agree Tevatron/SppS datal
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Multiple interactions _ _
between partons in other without pile-up —
protons in the same bunch _— By~ 816eV
crossing ol
Consequence of high rate
(luminosity) and high proton-
proton total cross-section
(=75 mb)
Statistically independent of
hard scattering
Similar models used for soft
physics as in underlying event
Signal history in
calorimeter increases noise 5

Signal 10-20 times slower 0 T |
(ATLAS) than bunch crossing Y, N ¢

{/f’g 200 ' 4
rate (25 ns) %4, 150 ZPseu o

- 100
Noise has coherent 50

Character mn 17event 6

Il sianals link hr h Prog.Part.Nucl.Phys.
Cell signals ed throug 60:484-551,2008
past shower developments

20 -

15 =

P>

10—

transverse energy E [GeV]
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Multiple interactions

between partons in other with design luminosity .
protons in the same bunch pile-up _— E~8l GeV
crossing P a

Consequence of high rate
(luminosity) and high proton-
proton total cross-section
(=75 mb)
Statistically independent of
hard scattering
Similar models used for soft
physics as in underlying event
Signal history in
calorimeter increases noise
Signal 10-20 times slower
(ATLAS) than bunch crossing
rate (25 ns)
Noise has coherent
character

transverse energy E, [GeV]

mun 17 event 6

Cell signals linked through Prog.Part.Nucl.Phys.

60:484-551,2008
past shower developments
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Multiple interactions

between partons in other L =10*cm™2s™

protons in the same bunch RMS(p, ) (GeV)

crossing : ,
Consequence of high rate 2 ] ~18 GeV
(luminosity) and high proton- 175 [ € A
proton total cross-section Sl
(—~75 mb) 15

Statistically independent of
hard scattering
Similar models used for soft
physics as in underlying event
Signal history in '
calorimeter increases noise . e
Signal 10-20 times slower 25 | P R~04—
(ATLAS) than bunch crossing T
rate (25 ns) L S T R
Noise has coherent J7/(0.1x0.1) R
character

Cell signals linked through
past shower developments

125 [
0 F

7.5 —(

Prog.Part.Nucl.Phys.
60:484-551,2008
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Jet calibration requirements very stringent

Systematic jet energy scale AE.
. Am, <1GeV =>—2<1%
uncertainties to be extremely top E..
je
well controlled 509 53% |n|<3
Top mass reconstruction 0
JE(GeV
Jet cross-sections 9 = ( )
(o)
Relative jet energy resolution £ 100% ®5% |[n|>3
. \E(GeV)
requirement N

Inclusive jet cross-section
Di-quark mass spectra cut-off in SUSY

Event topology plays a role at 1% level of precision
Extra particle production due to event color flow
Color singlet (e.g., W) vs color octet (e.g., gluon/quark) jet source

Small and large angle gluon radiation
Quark/gluon jet differences
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Detector needs for multi-purpose collider experiments
Tracking for charged particle momentum measurement
Calorimeters for charged and neutral particle energy measurement
Muon spectrometers (tracking) for muon momentum measurements

Underlying physics for calorimetry: particle interaction with matter
Electromagnetic cascades
Hadronic cascades
Muon energy loss

Calorimetric principles in particle detection

Conversion of deposited energy into an extractable signal in homogeneous and
sampling calorimeters

Minimum ionizing particles and muons

General signal features of electromagnetic and hadronic showers
Calorimeter characteristics in sampling calorimeters

Sampling fraction

Signal linearity and relative resolution

Non-compensation
Signal extraction

Charge collection

Current measurement

Pulse shapes
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Muon Detectors Tile Calorimeter Liguid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Total weight : 7000t

Overall length: 46 m

Overall diameter: 23 m

Magnetic field: 2T solenoid
+ toroid
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TRACKER Total weight: 12500t
CRYSTAL ECAL
Overall length: 22 m
Overall diameter: 15 m
Magnetic field: 4T solenoid

PRESHOWER

RETURN YOKE

SUPERCONDUCTING
MAGNET

FORWARD
CALORIMETER

HCAL
MUON CHAMBERS
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Tracking (inner detector)
Closest to the interaction vertex

Reconstructs charged particle tracks in magnetic field

Charged particles generate current Silicon pixel elements - fit tracks to (x,y,z)
space points defined by hit sensor location

Collect secondary charges from gas ionizations by passing charged particles on
wires in electric fields - fit tracks to space point in (x,y) plane and z from pulse
timing

Solenoid field allows very precise pT reconstruction and less precise p
reconstruction

Reconstructs interaction vertices
Vertex reconstructed from track fits
More than one vertex possible
B-decays
Multiple proton interaction (pile-up)
Primary vertex defined byz p; =Max or Z pT2 = max
Advantages and limitations
Very precise for low pT measurements APy ~ P
Only sensitive to charged particles Pr

A Limited polar angle coverage
% Forward region in experiment excluded
S)

tracks tracks
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Tracking (inner detector)

X,Y,2)

es on
pulse

2Tm

_ End-cap semiconductor fracker

VEry precise tor iow p1 measurements —— ~ 7
Only sensitive to charged particles Pr
Limited polar angle coverage

Forward region in experiment excluded
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Calorimeters

Usually wrapped around inner detector

Measures the energy of charged and neutral particles
Uses the energy deposited by particles to generate signal
Collects light or electric charges/current from this energy deposit in relatively small volumes
Only works if particle energy can be fully absorbed
Signals are space points with energy
Reconstructs direction and energy from known position of energy deposit
Needs assumption for “mass” to convert signal to full four momentum
ATLAS: m=0
Advantages and limitations
Gets more precise with increasing particle energy

Gives good energy measure for all particles except muons and neutrinos
Muons not fully absorbed!

Large coverage around interaction region
“4 ” detector — except for holes for beam pipes

Relation of incoming (deposited) energy and signal is particle type dependent
Also need to absorb all energy — large detector system

Does not work well for low energies
Particles have to reach calorimeter
Noise in readout

Slow signal formation in LHC environment
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Calori
¢ Electromagnetic Liquid Argon
M Calorimeters
all volumes
Si
Ac

Forward Liquid Argon

o Calorimeters
Hadronic Liquid Argon EndCap

Calorimeters
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Cascades or showers

Most particles entering matter start a shower of secondary particles
Exception: muons and neutrinos

The character of these cascades depends on the nature of the particle
Electrons, photons: cascades are formed by QED processes
Hadrons: cascades are dominantly formed by QCD processes

Extensions/size of these showers

Again depends on particle type

Electromagnetic showers typically small and compact
Hadronic showers much larger

Common feature: shower depths scales approximately as log(E)
Higher energies do not require much deeper detectors!

Shower development and age
Shower maximum

Depth at which energy of shower particles is too small to continue production of
secondaries

Age of shower
Depth of shower
Shower width

Extend of shower perpendicular to direction of flight of incoming particle
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QED drives cascade
development

High energetic electrons
entering material emit photons
in the electric field of the nuclei

Bremsstrahlung
High energetic photons produce

e+e- pairs in the electric field of
the nuclei

Pair production

Rossi’s shower model (1952!)

Simple model of interplay of
electron energy loss and photon
pair production

Uses critical energy as cutoff
for shower development
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QED drives cascade
development

High energetic electrons
entering material emit photons
in the electric field of the nuclei

Bremsstrahlung
High energetic photons produce

e+e- pairs in the electric field of
the nuclei

Pair production

Rossi’s shower model (1952!)

Simple model of interplay of
electron energy loss and photon
pair production

Uses critical energy as cutoff
for shower development
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Electron energy loss through bremsstrahlung
after 1 radiation length (X,) in matter: E, /2
Assume this energy is taken by 1 photon,

meaning the energy of each shower particle
after t X is: E(t)=E, /2", with N(t) =2
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QED drives cascade
development

High energetic electrons
entering material emit photons
in the electric field of the nuclei

Bremsstrahlung
High energetic photons produce

e+e- pairs in the electric field of
the nuclei

Pair production

Rossi’s shower model (1952!)

Simple model of interplay of
electron energy loss and photon
pair production

Uses critical energy as cutoff
for shower development
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Electron energy loss through bremsstrahlung
after 1 radiation length (X,) in matter: E, /2
Assume this energy is taken by 1 photon,
meaning the energy of each shower particle
after t X is: E(t)=E, /2", with N(t) =2
The shower develops until E(t)=E,

(critical energy - ionization loss becomes
large and suppresses further radiation) at
In(E, /E.)

the shower maximumt =
In2
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QED drives cascade

development

High energetic electrons
entering material emit photons
in the electric field of the nuclei

Bremsstrahlung 0l
High energetic photons produce S

-—— lonization

e+e- pairs in the electric field of L fadiation
the nuclel | ~—= minimum ionizing particle

Pair production

Rossi’s shower model (1952!)

Simple model of interplay of
electron energy loss and photon
pair production

Uses critical energy as cutoff
for shower development s
o Lo Ll Lol Lo

dE/dx [MeV/g em’]
T

electron kinetic energy [MeV]
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QED drives cascade
development

High energetic electrons
entering material emit photons
in the electric field of the nuclei

Bremsstrahlung

_ . T A T R O
High engrgetlc photon§ produce : AL A s
e+e- pairs in the electric field of 11%_% ?% o - experimental Gy »
the nuclei o il J
3 i
Pair production “‘E | Ope. |
. £ 3
Rossi’s shower model (1952!) |1
Simple model of interplay of = e
electron energy loss and photon |z
pair production 5
Uses critical energy as cutoff :
for shower development Cincoh :
f‘«. \ A 10 mh = | ," | l If' I \\} | —
X)) 106V 1keV 1 MeV 1GeV 100 GeV
g 1 %& Photon Energy
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QCD drives fast shower development

Hadron interacts with nucleon in nuclei
Like a fixed target collision
Develops intra-nuclear cascade (fast)
Hadron production

Secondary hadrons escape nucleus

Neutral pions decay immediately into 2 photons - electromagnetic cascade
Other hadrons can hit other nucleons = internuclear cascade

Slow de-excitation of nuclei

Remaining nucleus in excited state

Evaporates energy to reach stable (ground) state
Fission and spallation possible

Binding energy and low energetic photons
Large process fluctuations
~200 different interactions

ﬁ Probability for any one of those < 1%!
JA
S)
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QCD drives fast shower development

Hadron interacts with nucleon in nuclei

Had

etic cascade

Slow d

Rernr |

Grupen,

. Particle Detectors .
Binc )

Cambridge University Press (1996) 0 &

Large ¢

~200 different interactions

ﬁ Probability for any one of those < 1%!
A
S)
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Full absorption detector

Idea is to convert incoming particle energy into detectable signals
Light or electric current

Should work for charged and neutral particles

Exploits the fact that particles entering matter deposit their energy in particle
cascades

Electrons/photons in electromagnetic showers
Charged pions, protons, neutrons in hadronic showers
Muons do not shower at all in general

Principal design challenges

Need dense matter to absorb particles within a small detector volume
Lead for electrons and photons, copper or iron for hadrons

Need “light” material to collect signals with least losses
Scintillator plastic, nobel gases and liquids

Solution I: combination of both features
Crystal calorimetry, BGO

Solution Il: sampling calorimetry
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Sampling calorimeters

Use dense material for absorption power...
No direct signal

...in combination with highly efficient active material
Generates signal

Consequence: only a certain fraction of the incoming energy is directly
converted into a signal

Typically 1-10%
Signal is therefore subjected to sampling statistics

The same energy loss by a given particle type may generate different signals
Limit of precision in measurements

Need to understand particle response

Electromagnetic and hadronic showers
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Electromagnetic showers

Particle cascade generated by Shower depth scales in radiation length X :
electrons/positrons and photons in 716.4- A

matter X, ~ : g-cm™

Developed by bremsstrahlung & pair- Z(Z+ 1)|n278

production \/E

Approximation good within £2% for
all materials except Helium (5% low)
Shower width scales in Moliere Radii R, :
zixo 2 MeV-(Z+1.2)X
E. 800 MeV

=0.0265- X, (Z+1.2)
(90% energy containment radius)

E. ~21 MeV
with £ 800 Mev

© o Z+1.2

R

M 0

C. Amsler et al. (Particle Data Group), Physics Letters B667, 1 (2008)
and 2009 partial update for the 2010 edition


http://pdg.lbl.gov/2009/html/authors_2009.html�
http://pdg.lbl.gov/2009/html/authors_2009.html�
http://pdg.lbl.gov/2009/html/authors_2009.html�
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Electromagnetic showers 0.125 T g
Particle cascade generated by o100 - 30 %ev electron 1
electrons/positrons and photons in B incidentoniron  —80 ¢
e i ] =
matter Y 0.075 - 60 5
Developed by bremsstrahlung & pair- = - 1 2
. i B n o
production 0,050 - 10 g
Compact signal expected e F 2 ‘§
0.025 |- J20 =
Regular shower shapes : .
Small shower-to-shower fluctuations 0000:. poeJ o5 @) g ooy 0
' 0 5 10 15 20

Strong correlation between longitudinal

t = depth in radiation lengths
and lateral shower spread

a-1 _—bt
dE Eb(bt) e

d 7 Tl(a)
e =(a—1)/b=1.0%(Iny+C)),
with y =E/E_ and
-0.5 fore”
+0.5 fory

, With t =x/X,

i

C. Amsler et al. (Particle Data Group), Physics Letters B667, 1 (2008)
RD3 note 41, 28 Jan 1993 and 2009 partial update for the 2010 edition


http://pdg.lbl.gov/2009/html/authors_2009.html�
http://pdg.lbl.gov/2009/html/authors_2009.html�
http://pdg.lbl.gov/2009/html/authors_2009.html�
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Electromagnetic showers

Particle cascade generated by
electrons/positrons and photons in
matter

Developed by bremsstrahlung & pair-
production
Compact signal expected
Regular shower shapes
Small shower-to-shower fluctuations

Strong correlation between longitudinal
and lateral shower spread

RD3 note 41, 28 Jan 1993

P. Loch
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148 (]

1073

10-¢

1073
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
0 § 10 15 [cm) [ Rm] 0 5 10 15 [em)] TEm

P. Loch (Diss.), University of Hamburg 1992

1dE _ a(E)-e " + p(E)-e P
E dr

G.A. Akopdzhanov et al. (Particle Data Group), Physics Letters B667,
1 (2008) and 2009 partial update for the 2010 edition
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Hadronic signals

Much larger showers 0.4
Need deeper development
Wider shower spread
Large energy losses without signal
generation in hadronic shower 03
component
Binding energy losses
Escaping energy/slow particles
(neutrinos/neutrons)
Signal depends on size of
eIectromagnetic component
Energy invested in neutral pions lost

for further hadronic shower
development 0.1

Fluctuating significantly shower-by-
shower

Weakly depending on incoming
hadron energy

Consequence: non-compensation

Hadrons generate less signal than 0.0 <.0 4.0 6.0

electrons depositing the same energy 30.GeV siAl
electrons P. Loch (Diss.), University of Hamburg 1992

=
Il'tl.l!ll.l.ll.l!..l.l‘

0.2

lllIlTlll‘ll!!lllillll’llIlIII'I:'I'Illlr-l'l

||||_I_I||__|_|III!.III]I._L]l.lll

0.0
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Electromagnetic

Compact

Growths in depth ~log(E)
Longitudinal extension scale is radiation
length X,

Distance in matter in which ~50% of
electron energy is radiated off

Photons 9/7 X,
Strong correlation between lateral and
longitudinal shower development
Small shower-to-shower fluctuations
Very regular development
Can be simulated with high precision
1% or better, depending on features
1B o k)

Ed

T T T T

012 F

1 dE¢-1y
ol

T T

0.12

X}

r e 5 GeV e ] 30 GeV e~

0.10 E 7 010 -
008 | I \ 1 o8 g
0os | 1 o008
004 [ fi 1 o004

. 002 L i 31 o002

?W JAY | w

X T 0.0 ‘ ' 0.0 b -

S .‘,T, [% 0.0 100 200 300 0.0 10.0 200 300

S

Shower Features Summary

P. Loch
U of Arizona
May 05, 2010

Hadronic

Scattered, significantly bigger
Growths in depth ~log(E)

Longitudinal extension scale is
interaction length A >> X,

Average distance between two inelastic
interactions in matter

Varies significantly for pions, protons,
neutrons

Weak correlation between longitudinal
and lateral shower development

Large shower-to-shower fluctuations
Very irregular development

Can be simulated with reasonable
precision

~2-5% depending on feature
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Signal features in sampling
calorimeters

Collected from ionizations in
active material

Not all energy deposit
converted to signal

Proportional to incoming
electron/photon
C.f. Rossi’s shower model,
Approximation B

Only charged tracks contribute
to signal

Only pair-production for
photons

Energy loss is constant

Signal proportional to
integrated shower particle path

Stochastical fluctuations
Sampling character
Sampling fraction

Describes average fraction of
deposited energy generating
the signal

Electromagnetic Signals

P. Loch
U of Arizona
May 05, 2010

Integrated shower particle track length:

t

max E
T= j N(t)dt =T, :§T:3|2—2E—°
n C

(only charged tracks ionize!)

0

Number of crossings of active material:

-
N,=——oE
d

Deposited energy contributing to the signal:

d. ..
active dE
| ——dx=NAExE,

. dx

Stochastic nature of sampling:

o(N,)= \/Ni = o(E,.) oc \[N AE o \/E

0
active

E.=N

VIS X
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Characterizes sampling E dE/dx
calorimeters =

.

active active

E,. dE/dx| -d_..+dE/dx :
Ratio of energy deposited in active dep ¥ acive X oo
material and total energy deposit dE/dx ctive
Assumes constant energy loss per B :
unit depth in material * " dEdx scive dE/dx sscrter " CatsrterFaciv
lonization only (with Rossi's assumption dE/dx e = CONSE

Can be adjusted when designing the yng dE/dX
calorimeter

Material choices
Readout geometry

_=const)

absorbe
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Characterizes sampling
calorimeters

Ratio of energy deposited in active
material and total energy deposit

Assumes constant energy loss per
unit depth in material

lonization only
Can be adjusted when designing the
calorimeter

Material choices

Readout geometry

Multiple scattering

Changes sampling fraction

Effective extension of particle path
in matter

Different for absorber and active
material

Signal Formation: Sampling Fraction

P. Loch
U of Arizona
May 05, 2010

C. Amsler et al. (Particle Data Group), Physics Letters B667, 1 (2008)
and 2009 partial update for the 2010 edition

- X -
- X/2 ———~
--—.___ ¢ A *
--.,____- - lP
“““““ iz Yplane
Shlane ~ - - i \
* Blane
S — Evis
dep
dE/dx|
— active
dE/dXLctive + dE/dX absorber ) dabsorber/dactive ’ c:OSeactive/coseabsorber

Approximation:

13.6 MeV
g=220MeV, X, [1+0.038-Ini}
Pep X,

pc particle velocity
) p particle momentum
with )
z particle charge number
x/X, material thickness in radiation length

(good to 11% for singly charged particles with =1 for all
matter and within 10~ < x/X, <100)


http://pdg.lbl.gov/2009/html/authors_2009.html�
http://pdg.lbl.gov/2009/html/authors_2009.html�
http://pdg.lbl.gov/2009/html/authors_2009.html�
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Characterizes sampling
calorimeters

Ratio of energy deposited in active
material and total energy deposit

Assumes constant energy loss per
unit depth in material

lonization only
Can be adjusted when designing the
calorimeter

Material choices

Readout geometry

Multiple scattering

Changes sampling fraction

Effective extension of particle path
in matter

Different for absorber and active
material

Showering
Cannot be included in sampling
fraction analytically

Need measurements and/or
simulations

P. Loch
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Evis oc A(EO)
E E

S=

dep 0

A(E,) is the calorimeter signal from test beams

or simulation, converted to energy units.
Showering changes the electron sampling
fraction mostly due to the strong
dependence of photon capture (photo-
effect) on the material (cross-section ~2°)
leading to a non-proportional absorption of
energy carried by soft photons deeper in

1
the shower! Big Bad << Electrons
1_6 T TTT TTTT7T L) T

1.4
1.2
1.0

0.8

P. Loch (Diss.), 0.6

University of 0.4

Hamburg 1992 '
0.2

LALL LA LR AL L LU R ALY L AL WAL L) LA A L

0.0
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Example: charge collection in noble

" . . d Cood d
liquids A " -~
Charged particles ionizing active o - : =
medium when traversing it - - ! -
Fast passage compared to electron ;@ - T .
@

drift velocity in medium
Electrons from these ionizations are
collected in external electric field

Similar to collection of 1-dim “line of
charges” with constant charge density

Resulting (electron) current is base of
signal (a) 1 (b)
Positive ions much slower ; 7

AT T TTd
e e e e o e e e e o e o e A
TTT Tl
Tl
PR O E e e S A

[ ———— - e e e e e I =Ne/t, ——rmmmefromeee e e
Can collect charges or measure current S T T
Collected charge and current are s U
proportional to energy deposited in 0 [ T N
active medium - '
02
Nee . — _ Nee . _ Evis i i
Q(t:td):2,/(t—t0)—td,Ne—Eion g ..i....i.......
1 T St H Q!(f, )= Ne T
Drift time for electrons in active Q) e /el P
medium v
Determines charge CO“eCtion time :‘i‘ .6 E | T .............. ................. o
Can be adjusted to optimize S bbb D fl
= calorimeter performance
4@ % a2
G 0 i i i L | | | |
”‘ % 0 0.25 0.5 0 10 0.25 0.5 0.75 1
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ransmission lin igitization digital filter, electronic
p:e—alaripli?ise(r), sha%er ggi% se?ecc'iio’n cagIJibration, corrections (-(Raw Channel Data)-\
energy E,, (MeV)
time t (ns)
> >| quality Q
selected gain g
. online id idonjine
A \_
current shaper digitized v
in gap output samples ~
(nA) (mV) (ADC cts)
What is response?
Reconstructed calorimeter signal Eraw — A X [ADC N nA]
Based on the direct measurement — peak L ]
the raw signal current calibration
May include noise suppression ]
Has the concept of signal (or energy) X([ HV] X [cross-talk] X [purlty])
scale N y
Mostly understood as the basic signal electronic and eff?cf:iency corrections
before final calibrations
Does not explicitly include particle or X[nA — MeV]
jet hypothesis h g

'S
. . energy calibration
Uses only calorimeter signal

amplitudes, spatial distributions, etc.
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Slow signal collection in
liquid argon calorimeters

~450 ns @ 1 kV/mm drift
time versus 40 MHz/25 ns
bunch crossing time
Measure only |, = I(t,) ,
(integrate <25 ns) o4l
Applying a fast bi-polar i
signal shaping 021
Shaping time ~15 ns _J
With well known shape i
Shaped pulse integral = 0 L2l . *eeesccoees
Net average signal 0 100 200 300 400 500
contribution from pile-up time (ns)
=0
Need to measure the
pulse shape (time sampled
readout)

Total integration ~25 bunch
crossings

& 23 before signal, 1 signal, 1
¢ after signal
S

reading out (digitize) 5
samples sufficient!

S

f—
L

08 |

normalized amplitude
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What is dlgltal filtering Signal amplitude Apeak (energy):

Unfolds the expected (theoretical) pulse

a, digital filter coefficient
shape from a measured pulse shape

NS
. . . L. A...=) a(s—p),with 15, readingintime sample
Determines signal amplitude and timing pee le ( )

Minimizes noise contributions
Noise reduced by ~1.4 compared to
single reading N
Note: noise depends on the luminosity Apeaktpeak - Zl:bi (Si —p)
Requires explicit knowledge of pulse

shape W.E. Cleland and E.G. Stern, Nucl. Inst. Meth. A338 (1994) 467.
Folds triangular pulse with transmission
line characteristics and active electronic
signal shaping
Characterized by signal transfer functions
depending on R, L, C of readout
electronics, transmission lines

p pedestal reading
Signal peak time t

peak*®

nepr-pe
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What is digital filtering

Unfolds the expected (theoretical) pulse
shape from a measured pulse shape

Determines signal amplitude and timing

Minimizes noise contributions

Noise reduced by ~1.4 compared to
single reading

Note: noise depends on the luminosity
Requires explicit knowledge of pulse
shape
Folds triangular pulse with transmission
line characteristics and active electronic
signal shaping
Characterized by signal transfer functions
depending on R, L, C of readout
electronics, transmission lines
Filter coefficients from calibration

system

Pulse “ramps” for response

Inject known currents into electronic
chain

Use output signal to constrain
coefficients

Noise for auto-correlation

Signal history couples fluctuations in
time sampled readings

ATLAS Digital Filtering

P. Loch
U of Arizona
May 05, 2010

Signal amplitude A _, (energy):

. a, digital filter coefficient
Ao :Za, (s;—p),with ¢s; reading in time sample
i=1

p pedestal reading
Signal peak time t

peak:
N

Apeaktpeak = Zb/ (Si _p)
i=1

W.E. Cleland and E.G. Stern, Nucl. Inst. Meth. A338 (1994) 467.

nepr-pe

Constraints for digital filter coefficients a;:

NS
Za,g,. =1, with g, being the
i=1

normalized physics pulse shape
N

A %_
Za,at_o

i=1
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nNer-pe

S e signal amplitude in sample ; - = i
P analog-to-digital converter pedestal F ] Ite r C o e ffl c [ e n t S
N, number of digital samples (def. 5) Determined by .
A TR digital filter coefficient .
IR s R noise auto-correlation Known pu Ise sha pe
B normalized physics pulse shape: / Minimizi ng noise
N NS N.S'
to 15t order Zang =1 Z Z Clz.Cl].O'iO'J.RI.J. — min
independent =l j=l

of time jitter!

=1l

Z —; a.g/ =

Zl IZ By ‘g8 Lagrange Multipliers

ﬂ:zz::;z;‘*:ﬁf&gz

(ZI 12; 1Rl lg; ;) (ZiZilR!;lgigj)_(ZiZf—is;gig})z

Artemis School
MPI fur Physik, Min

chen

September 15-19, 2008

Slide 15
Peter Loch
September 17, 2008

<94 UAPhysics

A

T

L
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s College of Science



P. Loch

55 THE UNIVERSITY Calorimeter RESpOI‘ISE U of Arizona
. OF ARIZONA. May 05, 2010
What does signal or energy scale Recall electrons/photons in sampling calorimeters:
mean?
Indicates a certain level of signal " dE
reconstruction E, =N, j de =N AE E,
Standard reconstruction often stops with 0
a basic signal scale Electron sampling fraction S_ relates signal and
Electromagnetic energy scale is a good )
reference deposited energy:
Uses direct signal proportionality to E E 1 |
I h —_vis o i em _ _ — ~
e ectro.n/p. oton energy . S, =M n¥s _yEM D F = CeA=Edep ~E,
Accessible in test beam experiments E E S
. . . dep 0 e
Can be validated with isolated particles _ ) _ _
in collision environment with ¢, being the electron calibration constant.
Provides good platform for data and ) ) ) . .
simulation comparisons (S, is a unitless fraction, ¢, converts a signal unit

Does not necessarily convert the
electron signal to the true
photon/electron energy!
Hadronic signals can also be calculated on
this scale
Good platform for comparisons to
simulations

But does not return a good estimate for
the deposited energy in non-
compensating calorimeters — see later
discussion!

Is not a fundamental concept of physics!
Is a calorimeter feature

Definition varies from experiment to
experiment

into an energy unit, e.g. nA — MeV)

Response often denoted e =e(E,. ) =E (c,,A)

rec
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Single hadron reponse:

ﬂ(EO) — fem (EO) ) e + (1 _ fem (EO )) ) h é 0o ; Wigmans parametrization ron
. ] . ] . : L. Groom, m=0.80 (Best fit to exp. dota)
f.(Ey) intrinsic em fraction Zos | Groom. m=D87 (NN AL3S (1994) 336-3¢7)
with + , response of pure £ o oo
\ hadronic shower branch b oo
Non-compensation measure: o |
e 1 - L A
I 0.2 | I
7T fem (EO)+(1_fem (EO))h/e 01 | /_:,/‘;ﬁ- é
Popular parametrization by Groom et al.: e e S

fem (EO) — 1 o (EO /Ebase )m_l
1.0 GeV for z*

m=0.80-0.85,E . =
2.6 GeV forp

base

D.Groom et al., NIM A338, 336-347 (1994)
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Observable
e € ;
4 (EO/Ebase )m_1h+(1_(EO/Ebase )m_l)e 1.6

1

1_(1_h/e)(EO/Ebase )m 1
provides experimental access to :
characteristic calorimeter variables in pion ok
test beams by fitting h/e, E, ... and m from N

the energy dependence of the pion signal B [GoV]
on electromagnetic energy scale:

E E

0 ~ dep

Eem(ﬂ_) ~ Eem(ﬂ_)

rec rec

e/m normalized to g,

e
T
Note that e/h is often constant, for
example: in both H1 and ATLAS about 50%

of the energy in the hadronic branch
generates a signal independent of the

A )
E energy itself
S
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Complex mixture of hadrons > 06T At oy
5 - ATLAS =
and photons 2 I A L
_ _ 3 05 5 AKE
[0 L
Not 2 5|_ngllg particle response = R T M
Carries initial electromagnetic S Odmamanse © °P
energy I . —_
. o oL . —
I\/|a|n|y phOtOnS é r:....- 00®0,% 00540, 0%" oto.-t.. -o..oz
g 02 ° -
L C ]
0.1 Xoxxxs saXminel s axeyn
Bl BﬁnSac§¢aégééggﬁﬂglaag@ééé@§gég 2855 3
[ | | |
DO 0 2 0.4 D.ES D.B 1.0 1.2 1 .4 1 .6 1 .8 2.0

Jet E, (TeV)
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Complex mixture of hadrons
and photons

Not a single particle response

Carries initial electromagnetic
energy

Mainly photons

Very simple response model

Assume the hadronic jet content
is represented by 1 particle only
Not realistic, but helpful to

understand basic response
features

Jet Response

P. Loch
U of Arizona
May 05, 2010

@a‘;et +(1—f;et)-[fem +(1—fem)3

e
had had jet
fem :fem(Ejet )' Ejet :(1_f7/J )Ejet

[single particle approximation]

had \1™"
f — 1 _ Ejet
o Ebase

[Groom's parameterization]
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Complex mixture of hadrons

9 1.2 -
and photons 5 ..
. . x -

Not a single particle response 2 1

Carries initial electromagnetic ¢ |
energy g °?
Mainly photons é 0.8

Very simple response model 071

Assume the hadronic jet content ©671
is represented by 1 particle only o4

Not realistic, but helpful to 0.4 _ _ : ,
understand basic response 1 10 100 1000 10000

features Energy (GeV)




P. Loch
61 @THE UNIVERSITY Jet Response U of Arizona

. OF ARIZONA. May 05, 2010
Complex mixture of hadrons J(E o)
and photons e

Not a single particle response _ glet

Carries initial electromagnetic !

energy jet h

+(1- E._)+(1-f (E._.))— |dE
Mainly phOtOnS ( fy )had_!ons|:fem( had) ( fem( had))e:| had
Very Simple response m0d6| ! composition ?fhadronic corpponentgiven by jet I
ragmentation function
Assume the hadronic jet content :

is represented by 1 particle only =fyjEt
Not realistic, but helpful to

m-1 m-1
understand basic response _ get | Ehad Epa
features +(1 f; )ha;;ns 1 (E ] +(Eb hfe
More evolved model | | L
Use fragmentation function in jet = f° +(1—fyjet) > (1+(Ehad/Ebase) (h/e—l))
response hadrons

This has some practical
considerations

E.g. jet calibration in CDF
Gets non-compensation effect

Does not address acceptance
effect due to shower overlaps

base
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Noise Reading (o.,..)
Fluctuations of the “zero” or “empty” 2E a =
signal reading 4;_ .................................................................................................................................................
Pedestal fluctuations af . )
Independent of the signal from particles =

At least to first order

Mostly incoherent 1 [ MTTTTTReSN | SRRSO ESIIGIIGNE | CRRRRN SRR SSRGS | e S | |
No noise correlations between readout (1 o ot T (¥ Rl oy £ 8
channels SR || N 1 1 el

Noise in each channel is independent _1:
oscillator —25—

Gaussian in nature _ ;S NS e
Pedestal fluctuations ideally follow - ,
normal distribution around 0 o e liERten Rty R e i S
Width of distribution (1 o) is noise value _?. T [ [ 0 000 Ol NS |

Signal significance Spatial Coordinate/Calorimeter Cell

Noise can fake particle signals

Only signals exceeding noise can be Small sngnal:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Noise only
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Noise

Fluctuations of the “zero” or “empty”

signal reading
Pedestal fluctuations

Independent of the signal from particles
At least to first order

Mostly incoherent

No noise correlations between readout
channels

Noise in each channel is independent
oscillator

Gaussian in nature

Pedestal fluctuations ideally follow
normal distribution around 0

Width of distribution (1 o) is noise value
Signal significance
Noise can fake particle signals
Only signals exceeding noise can be
reliably measured
Signals larger than 3
likely from particles

Gaussian interpretation of pedestal
fluctuations

noise are very

Calorimeter signal reconstruction aims to

suppress noise

Average contribution = 0, but adds to
fluctuations!

Acceptance and Noise in Jet Response

noise )

Reading (
5 ;

=
TTTT IIIIIIIII

Spatial Coordinate/Calorimeter Cell

Small signal:

Signal on top of noise

U of Arizona
May 05, 2010
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Noise Reading (o,...)
Fluctuations of the “zero” or “empty” 3 a =
signal reading 7Y O O VOO USSR ST SRR SISO SO

Pedestal fluctuations
Independent of the signal from particles
At least to first order

Mostly incoherent 1 [RPURRRN || ST | RURR | R
No noise correlations between readout (1]
channels E
Noise in each channel is independent _1:
oscillator =
Gaussian in nature 0SS W SN A S S S S
Pedestal fluctuations ideally follow E ,
normal distribution around 0 o S R R A S e e
Width of distribution (1 o) is noise value _f. e Y P R I
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small sngnal:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Sum of noise and signal
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NOISE Reading noise)
Fluctuations of the “zero” or “empty” o= | |
Signal reading 7 || mINENES SSENTRRE: SEWTS S —— ..........................................................................
Pedestal fluctuations 3§ ” __._.-‘ i
Independent of the signal from particles R
At least to first order zé """
Mostly incoherent 15_........ B e e m e R T a2 B R et
No noise correlations between readout 0fF
channels E_
Noise in each channel is independent =
oscillator =k

Gaussian in nature

Pedestal fluctuations ideally follow
normal distribution around 0

Width of distribution (1 o) is noise value _?|||||||

Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small signal:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations Signal after noise suppression
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!
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Noise Reading (0,.)
Fluctuations of the “zero” or “empty” o= i :
Signal reading 4;_ ....................................................................... s e e
Pedestal fluctuations 3 o o B
Independent of the signal from particles  E = it
At least to first order - : :
Mostly incoherent 1 ........ ............... FLISTITEUPEERES B ¥ [ TERIPRREeH _ - ..... ...................... I
No noise correlations between readout 0 ==ipe et P -t bt L e 1" Tn
channels S NE || [ [ A | ___________________________
Noise in each channel is independent _15
oscillator iy . | . ........... , .................. . | I s B N
Gaussian in nature £ e N .
Pedestal fluctuations ideally follow E ; : : : : : :
normal distribution around 0 e iR EECT R TS P S e T
Width of distribution (1 o) is noise value _?|||| e e L
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Large signal:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Noise only
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Noise Reading (0,,.)
Fluctuations of the “zero” or “empty” o= i :
Signal reading 4;_. .................................................................................................................................................
Pedestal fluctuations 3k
Independent of the signal from particles S W | N T T
At least to first order -
Mostly incoherent 1_. YRR RN " Tryepnepnnn || W | GOSN N B N [ || R S
No noise correlations between readout 0
channels Sl WA | O |t O L 1 Ul | s L1 1S
Noise in each channel is independent _15
oscillator ==
Gaussian in nature =L TR R B e e
Pedestal fluctuations ideally follow E ,
normal distribution around 0 e iR EECT R TS P S e T
Width of distribution (1 o) is noise value _?. T [ 0 0000 P [N |
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Large signal:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Signal on top of noise
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Noise Reading (o)
Fluctuations of the “zero” or “empty” 2E i :
signal reading 4
Pedestal fluctuations =
Independent of the signal from particles 25_
At least to first order -
Mostly incoherent o
No noise correlations between readout 0
channels =
Noise in each channel is independent _15
oscillator ==
Gaussian in nature 3
Pedestal fluctuations ideally follow E ,
normal distribution around 0 —f—ree """"""""" """"""""" """"""""" """"""""" """""""""
Width of distribution (1 o) is noise value _f. e Y P R I
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Large signal:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Sum of noise and signal
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Noise Reading (o)
Fluctuations of the “zero” or “empty” 2E i ’
Signa| reading 4;_ ..........................................................................................................................................
Pedestal fluctuations 3k s . cl
Independent of the signal from particles IS WO S S || N || S N S S
At least to first order g
Mostly incoherent 15_....... e e
No noise correlations between readout oF
channels =
Noise in each channel is independent =
oscillator

Gaussian in nature
Pedestal fluctuations ideally follow

normal distribution around 0 : :
Width of distribution (1 o) is noise value _?|||||||
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Large signal:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations Signal after noise suppression
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!
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Noise Readlng (0 oice)
Fluctuations of the “zero” or “empty” 3 :
signal reading 4
Pedestal fluctuations 3
Independent of the signal from particles
At least to first order 2
Mostly incoherent 1
No noise correlations between readout 0
channels g :
Noise in each channel is independent _15 calorlmeter response

oscillator — O L— T oo e e HE—
Gaussian in nature : : < true 5'8n3| :

Pedestal fluctuations ideally follow
normal distribution around 0

Width of distribution (1 o) is noise value I ET TR ET ey
Signal significance Spatial Coordinate/Calorimeter Cell

Noise can fake particle signals
Only signals exceeding noise can be Large signal:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Signal after noise suppression
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At least to first order

Noise Reading (0,,.)
Fluctuations of the “zero” or “empty” 55 i '
signal reading ") ORI SRR RS RSPV, SRR ...................
Pedestal fluctuations abs _ i
Independent of the signal from particles 25_ ’

Mostly incoherent 1
No noise correlations between readout 0
channels 5
Noise in each channel is independent -1 —
oscillator _2:_
Gaussian in nature £
Pedestal fluctuations ideally follow S
normal distribution around 0 = :
Width of distribution (1 o) is noise value 55 S | | | | y | .
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small S|gnal, two partlcles:
reliably measured Noise only

Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!
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Noise Reading (0.
Fluctuations of the “zero” or “empty” °F s =
signal reading 4
Pedestal fluctuations abs
Independent of the signal from particles 2§_ ____________________________________________________

Mostly incoherent LN R I
No noise correlations between readout 0
channels
Noise in each channel is independent -1
oscillator

Gaussian in nature

Pedestal fluctuations ideally follow
normal distribution around 0 4

Width of distribution (1 o) is noise value

. . . _5 [ | I | I | | 11 | | | | [ I
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small signal, first particle:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Signal on top of noise
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Noise Reading (0.
Fluctuations of the “zero” or “empty” °F s =
signal reading 4
Pedestal fluctuations abs
Independent of the signal from particles 2§_ ____________________________________________________

Mostly incoherent LN R I
No noise correlations between readout 0
channels
Noise in each channel is independent -1
oscillator

Gaussian in nature

Pedestal fluctuations ideally follow
normal distribution around 0 4

Width of distribution (1 o) is noise value

. . . _5 [ | I | I | | 11 | | | | [ I
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small signal, first and second particle:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Signal on top of noise
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Noise Reading (0.
Fluctuations of the “zero” or “empty” °F s =
signal reading 4
Pedestal fluctuations abs
Independent of the signal from particles 2§_ _____________________________________________________________

Gaussian in nature

Pedestal fluctuations ideally follow
normal distribution around 0

Width of distribution (1 o) is noise value

Mostly incoherent L | I A 1
No noise correlations between readout 0
channels e
Noise in each channel is independent | | e | %
oscillator =

Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small signal, two particle, sum:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Signal on top of noise
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Noise Reading (o, ..)
Fluctuations of the “zero” or “empty” °F : =
signal reading 7| SOVERRPN. WSS SURMEREN W
Pedestal fluctuations abs
Independent of the signal from particles 2§_ ____________________________________________________

Mostly incoherent L | I T
No noise correlations between readout 0
channels e
Noise in each channel is independent -1 1 | I
oscillator _2:_
Gaussian in nature £
Pedestal fluctuations ideally follow K I P C L
normal distribution around 0 7| — T S N A :
Width of distribution (1 o) is noise value 55|||||||
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small signal, two particles:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!

Sum of noise and signal
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Noise Reading (0,,.)
Fluctuations of the “zero” or “empty” s =
signal reading 4;_ ................................................................... . 1 ......... .......................................................
Pedestal fluctuations aF- - 1L ___
Independent of the signal from particles E e
At least to first order a0
Mostly incoherent Lo i e B (| | e
No noise correlations between readout g
channels 5
Noise in each channel is independent -1 SRaet St L ST i
oscillator 2k - P—— i
Gaussian in nature £
Pedestal fluctuations ideally follow K SR S B ik S S &
normal distribution around 0 7] S SO SV SN S S
Width of distribution (1 o) is noise value 55 S | i i i i
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small signal, two particles:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations Signal after noise suppression
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!
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Noise Reading (o)
Fluctuations of the “zero” or “empty” 55 pZi N
Signa| reading 4;_ ............. .................. .................. ......... [ l.l ....... ‘ ..................
Pedestal fluctuations = e L]y ]
Independent of the signal from particles = I _______________ i
At least to first order o || 1
Mostly incoherent IS —— a1
No noise correlations between readout  gF o
channels = : : :
Noise in each channel iS independent _1 :_ ......................................... calbrimeter regponsé
oscillator E ; i :
Gaussian in nature
Pedestal fluctuations ideally follow
normal distribution around 0 = : : : : : : :
Width of distribution (1 o) is noise value 55|||||||
Signal significance Spatial Coordinate/Calorimeter Cell
Noise can fake particle signals
Only signals exceeding noise can be Small signal, two particles:

reliably measured
Signals larger than 3 - noise are very
likely from particles
Gaussian interpretation of pedestal
fluctuations Signal after noise suppression
Calorimeter signal reconstruction aims to
suppress noise

Average contribution = 0, but adds to
fluctuations!
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Total weight : 7000 t . ' : .
otal weig 000 Toroid Magnets  Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker
Overall length: 46 m

\ A
9] Overall diameter: 23 m
@ Magnetic field: 2T solenoid + (varying) toroid field
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

- L

LAr electromagnetic
barrel
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Electromagnetic Barrel

ln| <1.4
EM Barrel EM Endcap Liquid argon/lead
- ' Electromagnetic EndCap

1.375< |n] < 3.2

- —— — s i (77 frreammer Liquid argon/lead
ARRERITTHTHIHN N T Al Il Hadronic Tile
Scintillator/iron

Hadronic EndCap
1.5<|n] <3.2
Liquid argon/copper

Forward Calorimeter
3.2< |5l <4.9

Liquid argon/copper and liquid
argon/tungsten

Tile Barrel Forward Varylng (hlgh)_ grgnulanty o
Mostly projective or pseudo-projective
ﬁ readout geometries

Tkt betsan | ¢

o ! o

; |
%! |
1l

Nearly 200,000 readout channels in
total

Tile Extended ‘ Overlaps and transitions

Barrel Some complex detector geometries in
crack regions

{H
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Highly segmented lead/liquid argon accordion
calorimeter

Projective readout geometry in pseudo-rapdity

; Electromagnetic Barrel
and azimuth

More than 170,000 independent readout channels

No azimuthal discontinuities (cracks) Cells mn Layer 3

Total depth > 24 X, (increases with pseudo- Apxan = 0.0245:0.05
rapidity) ! T
r”%!;'t:r T
Three depth segments g e
+ pre-sampler (limited coverage, only < 1.8) L

Strip cells in 1%t layer

Thin layer for precision direction and e/x and e/y
separation

Total depth = 6 X, (constant)
Very high granularity in pseudo-rapidity
Ap  Ap=0.003 0.1
Deep 2" layer
Captures electromagnetic shower maximum
Total depth = 16-18 X,
High granularity in both directions
An - Ap=0.025 0.025
Shallow cells in 3" layer
Catches electromagnetic shower tails
Electron and photon identification P

Square cells i
Layer 2

h H

B / _tp 0024
~ - A=0g
~ << 4

.
Total depth = 2-12 X, (from center to outer edge 37-5mm;3 = 449 An = U025 1
in pseudo-rapidity) An = ma] mm .
Relaxed granularity Strip cells in Layer 1
Ay - Ap~0.05  0.025 Ee—
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Photomultiplier

Central and Extended Tile calorimeter
Iron/scintillator with tiled readout structure
Three depth segments

Quasi-projective readout cells
Granularity first two layers

Ay  Ap=01 0.1
Third layer
Ay  Ap=02 0.1

Very fast light collection

~50 ns reduces effect of pile-up to ~3 bunch

crossings
. Source
Dual fiber readout for each channel tubes
. €l o T
Two signals from each cell f‘%
. h
3865 mm n=0,0 (?,1 U,IZ 03 0.4 05 06 ?.T 0.8 P.Q /1,0 ‘:I,I /||2
I i ! ! ¥ , - F
po (ot /) b2/ o3 Ao » "
‘_. : rJ Jj ff y - s ) . . /11 D5 /”’ /’, D6 »
BC1 [BC2 [BC3 |'BC4 ['BCS \BC6 |'BCT | BCA |, c . L L7 14
, [ ‘ ! ’ ‘ . - - - -
; , e B12|,-"B13 | -B14 | -7 BI15 | 15
" mo L7 LED ||| .- - S - -7
: i ' _ _ ‘ .7 7 ok _ ] - _ {18
A1 A2 |A3 |ad fa5 a6, A7 (A8 Jfae AAt0}” ez |MTA1s b Aa1a 4 A15 -7 Ate T
2280 mm ) . )1 - ’ 4 - - H g - - -
i ! i r . - P e
o 500 1000 1500 mm es |-
1
¥ 1
\ Y A ‘_L B
fpcﬂ T e4
\':,T,

JA

4 ? ) -7
/% i ’ beam axis
S]
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Electromagnetic “Spanish Fan”
accordion

Highly segmented with up to three
longitudinal segments

Complex accordion design of lead
absorbers and electrodes

Looks like an unfolded spanish fan
Hadronic liquid argon/copper 0.1x0.1 |g|<2.5
calorimeter A (pz{o.zxo.z 2.5<|n|<3.2
Parallel plate design
Four longitudinal segments
Quasi-projective cells

0.025x0.025
0.1x0.1

7| <2.5, middle layer

MXAW{ 2.5<|n|<3.2

Hadronic

¥ : EndCa
. Feed throughs'f'nd front-end 1818.00 p
-4 A 816.50 —| 961.00 —— wedge
1«4 = ~
Hadronic end-cap calorimeter P ik !
e \ 9 - / " e
i ] |34

| -
1

Forward calorimeter

I I — |

PR " N W N (W
N

_ -
n 20 - 1] 8
- 4 =]
n - M
- 1 - (=]
- | 1] | &
- 44 ;_ HHT o
n 25 -- - ‘
. n 32 CoEERAL—S=—-TTTTT 8
&% :
¥ G _
) A i t
- S] Electromagnetic end-cap calorimeter R372.00
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Design features
Compact absorbers
Small showers

Tubular thin gap electrodes

Suppress positive charge build-up (Ar+) in
high ionization rate environment

Stable calibration
Rectangular non-projective readout cells
Electromagnetic FCall
Liquid argon/copper
Gap ~260 um
Hadronic FCal2
Ligquid argon/tungsten
Gap ~375 um
Hadronic FCal3
Ligquid argon/tungsten

Gap ~500 um
{7,
e YAy ]  Readout sums (detail)
Qg e
e 7 7 Gt roore
SRR SRS -#:’2”57
( _:,'!"] P | LE'{‘ 7 Forward calorimeter electrode
\ 1-T= sk B i/
i % A [ - . R B l
& Eg [Ain a5 so ) (Aﬁu sz'] ,II ?.r___l_.K' i
R R 3 3\ @ —% { "—--_-—'--._'_'*_{__’_L,—m-' Readout pattern
N S i i S = i -
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Non-compensating calorimeters
Electrons generate larger signal than pions depositing the same energy

Typicallye/r = 1.3 @ 20T T T T T T T T T
High particle stopping 2 18 E
power over whole s "o E
detector acceptance |n|<4.9 g 1; E
~26-35 X, electromagnetic = ok .
calorimetry 8
~ 10 A total for hadrons 6
Hermetic coverage 4

No significant cracks in 2 ]
azimuth % 05 1 15 2 25 3 35 4 45 5
Non-pointing transition between barrel, endcap and forward Pseudorapidity
Small performance penalty for hadrons/jets
High granularity
Nearly 200,000 readout channels
Highly efficient particle identification
Jet substructure resolution capabilities
Local hadronic calibration using signal shapes
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The experimentalist’s view
(...my view)
A bunch of particles generated

by hadronization of a common
otherwise confined source

Quark-, gluon fragmentation
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The experimentalist’s view
(...my view)

A bunch of particles generated (g 5 = E 5
by hadronization of a common ( Jet’plet) Z ( Paft'C'e'ppart'cle)

otherwise confined source

all particles

Quark-, gluon fragmentation = (Eparton » Pparton )
Consequence of common source B Z _
Correlated kinematic properties Ajer = . Aparticie = Dparton
Jet reflects the source by sum all particles
rules and conservation 5 Y
mjet — Ejet _‘pjet
2 2
= Z Eparticle o Z pparticle
all particles all particles
5 ~ 2
_ Eparton — ‘pparton _ mparton
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The experimentalist’s view

(...my view)
A bunch of particles generated (E B )°bs _ Z (E B )
| Pal D, i .
by hadronization of a common \ et/ 7t teractamsricles particle 7 “particle
otherwise confined source
Quark-, gluon fragmentation S (Eparton » Pyarton )
Consequence of common source obs
Correlated kinematic properties et * Aparton
Jet reflects the source by sum obs
rules and conservation Mg * Marton
Interactingparticlesin_jet . > 0B oy
generate observable signal in 5 - ATLAS Lk
detector 2 05¢ BK*
Protons, neutrons, pions, kaons, - L _..__----_-------..-_.'KD
photons, electrons, muons, and & 0OA4muf=nu= & °P
others with laboratory lifetimes > £ - _
10 ps (incl. corresponding anti- B 03[ .. ¢ veeceos *00 ]
partides) é r:.... e0®0,% e0gg0,0%"°, e -. -..E
. . . . . 0 [ . ]
Non-interacting particles in jet = 02p ]
so not contribute to directly 0-1%‘*EGﬁamﬁimﬁﬂdwﬁi‘géﬁ rps enatn
observable signal Sl R BRI LB LR EL R L NER LA

1 ||||||||||||||||||||II|III|III|IIIIII
Neutrinos, mostly % 02 04 06 08 10 12 14 16 18 20
A Jet E; (TeV)
E Particle jet composition generated by PYTHIA
A
S}
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What is fragmentation?

Hadronization of partons into particles
Confinement in QCD: gluon pair production
Gluon radiation
How can fragmentation be measured in an experiment?
Reconstruct charged tracks in a given jet

Momentum fraction carried by these tracks reflects charged (hadron) production
in hadronization

High track reconstruction efficiency and low momentum acceptance needed!

Final state in e*e” collisions at LEP ideal — very clean collision environment
without underlying event, at center-of-mass energies from 90 to 209 GeV

Fragmentation function are derived from LEP data (1989-2000)

Can we measure the fragmentation of a given jet in hadron colliders?
Basically impossible, as collision environment is too “messy”

Accidental inclusion of charged tracks not from jet (underlying event, pile-up)
Loss of relevant tracks hard to detect

Need to rely on models fully describing collision event

Compare composition of detector jets with particle jets from simulations
(generators) like PYTHIA, which implement the LEP fragmentation functions!
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Parton jets — what is this?

Basically a representation of an individual final state parton before hadronization

Still called a jet because a jet finding algorithm is applied to the simulated partonic final
state

Jet finders explicitly or implicitly apply spatial and kinematic resolution parameters
and (kinematic) thresholds to the interactions
Two or more close-by partons can be combined to one jet
A parton may not make it into a jet because it is below threshold
Parton jets are “biased” with respect to the jet finding algorithm and its configuration
Two different jet finders may generated two different views on the partonic event
Particle jets

These are jets from final state particles with lifetime > 10 ps
E.g., after hadronization of partons

Sometimes non-observable particles like neutrinos or particles with very specific signal
characteristics (muons) may not be included

E.g., the muon generated in semi-leptonic b-decays may not be considered part of the b-jet
Here a jet finder is mandatory to produce these jets
Needs to recombine the bundle of particles coming from the same source (parton)
Subjects particles to the same resolution parameters and thresholds as used for parton jets

Attempt to match parton and particle jets may allow to understand effect of fragmentation

on jet finding efficiencies, mis-clustering (wrong particles combined), and bias on kinematic
reconstruction

Particle jets are a good “truth” reference for detector jets
After all , particles generate the detector signal
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Parton “jets”

QCD LO:
Theoretical concept converting Niggs = 2
matrix element calculations in to jet
picture
Depends on the order of the
calculation
QCD NLO:
Njets =3
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Parton “jets” LO decays are easy to tag:
Theoretical concept converting —
matrix element calculations in to jet W—aq (2-prong decay)
picture Z'—>qq’ (2-prong decay)
Depends on the order of the
calculation t >Wb—>qq'b (3-prong decay)
Useful tool to link experimental —> expectations for number of jets from
results to calculations in di-quark . ' .
resonance reconstruction decayed particle hypothesis at given order

E.g., hadronic decays of the W
boson and heavier new particles like

Z'atlo source!

+ mass of jet system pointing to certain

top mass
reconstruction

L
*a
"a
"

N RS NSRS RS RS SN RSt il M
0 100 150 200 250 200 350

i
¢ M, [GeV]
S]

]
]
=]

200

150

100

Ner-p»

8

III|IIII|IIII|IIII|IIII|I—

Mumber of events / 10.0 GeV
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Parton “jets” Basic QCD 2 — 2 processes at LO:

Theoretical concept converting — =
matrix element calculations in to jet 99 —99,99 494,499 —>q4q

picture but often observe more than 2 jets in
Depends on the order of the . .
calculation final state due to higher order
Useful tool to link experimental contributions, initial and final state
results to calculations in di-quark o o . ]
resonance reconstruction radlatlon, and addItIOnal InteraCtlonS
E.g., hadronic decayS Of the w from the underlying event
boson and heavier new particles like
z — no obvious additional constraint on the

Much less meaningful concept in

QCD analysis like inclusive jet
cross-section observable final state, like in case of heavy

appropriate parton level model from the

Jet counting as function of pT particle decays!

Number of parton jets not strictly

linked to number of particle jets
Boundary between matrix element, orders of calculations and collision
radiation, parton showering, and

underlying event washed out at environment!!
particle level

— experimental final state "includes" all
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Collection of particles from common source

Several sources in each collision
Hard scattering, multiple parton interactions in the underlying event, initial and final state
radiation

Describe the simulated collision viewed with a microscope (idealized)
Microscope technology — jet finding algorithm
Resolution — ability of a jet finder to (spatially) resolve jet structures of collision, typically a
configuration parameter of the jet finder
Sensitivity — kinematic threshold for particle bundle to be called a jet, another configuration
parameter of the jet finder

-
-

particle jet from
underlying event

signal particle jet
(incomplete)

h‘\::-». signal particle jet
% (contaminated)
240 particles from underlying
‘% event below jet threshold
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Good reconstruction reference for detector jets

Provide a truth reference for the reconstucted jet energy and momentum

E.g., can be used in simulations together with fully simulated detector jets to calibrate those
(we will follow up on this point later!)

Extract particle jets from measurement by calibration and unfolding signal
characteristics from detector jets
Understand effect of experimental spatial resolution and signal thresholds at particle level

Remember: electromagnetic and hadronic showers have lateral extension - diffusion of
spatial particle flow by distributing the particle energy laterally!

Remember: noise in calorimeter imply a “useful” signal threshold - may introduce
acceptance limitations for particle jets!

Good reference for physics

Goal of all selection and unfolding strategies in physics analysis
Reproduce particle level event from measurement as much as possible!
Require correct simulations of all aspects of particle spectrum of collision right

Matrix element, parton showers, underlying event (non-pertubative soft QCD!), parton
density functions,...

Parton shower matching to higher order matrix calculation in complex pp collision
environment is a hot topic among theorists/phenomenologists today!

Allow to compare results from different experiments

Specific detector limitations basically removed

Also provides platform for communication with theorists (LO and some NLO )
Important limitations to be kept in mind

NLO particle level generators not available for all processes (more and more coming)
NNLO etc. not in sight
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Basic idea

Attempt to collect all particles coming from the same source in a given
collision

Re-establishing the original correlations between these particles to reconstruct
the kinematics and possibly even the nature of the source

Is an algorithmic challenge
Many algorithms on the market, with different limitations

No universal algorithm or algorithm configuration for all final state analysis
More later, but good to know right away!

Requires theoretical and experimental guidelines

Theory — physical features of particle jets addressed by sum (recombination)
rules, stability of algorithm, validity for higher order calculations,...

Experiment — requirements for features of measured jets to allow most precise
unfolding of particle jet, drives detector designs!

Guidelines often not very appreciated by older analysis/experiments

Often focus on extracting signal structures from experiment without worrying too
much about theoretical requirements

LO analysis: apply any jet algorithm to measured signals and corresponding simulations
with expectations to get the same physics

LHC kinematic reach and phase space need considerations of higher order
¥ calculations — need jet finders valid to (arbitrary!) order!
A
S
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Very important at LHC

Often LO (or even NLO) not sufficient to
understand final states

Potentially significant K-factors can only be

applied to jet driven spectra if jet finding
follows theoretical rules

E.g., jet cross-section shapes
Need to be able to compare

experiments and theory

Comparison at the level of distributions

ATLAS and CMS will unfold experimental effects

and limitations independently — different
detector systems

Theoretical guidelines
Infrared safety

Adding or removing soft particles should not
change the result of jet clustering

Collinear safety

Splitting of large pT particle into two collinear
particles should not affect the jet finding

P. Loch
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o

infrared sensitivity
(soft gluon radiation merges jets)

%

collinear sensitivity (1)
(sensitive to E, ordering of seeds)

-y

i
1
T
T

A
£ r
Y r

-
Y
"y
i

collinear sensitivity (2)
(signal split into two towers below threshold)
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Use following jet finder rules:

Pt |
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/AT] + A(D <R

Create an ordered list of particles descending in pT
and pick first particle

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

cone
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/A?] + A(D < Rcone
Create an ordered list of particles descending in pT
and pick first particle (f|rst protojet)

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation p_l_

Collect particles in new cone of same size and find
new direction as above

Repeat until direction does not change - cone
becomes stable
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/A?] + A(D < Rcone

Create an ordered list of particles descending in pT
and pick first particle

Draw a cone of fixed size around this particle

Resolution parameter of algorithm
Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation p
Collect particles in new cone of same size and find T
new direction as above

Repeat until direction does not change - cone
becomes stable

Take next particle from list if above pT seed
threshold
Repeat procedure and find next proto-jet

Note that this is done with all particles, including
the ones found in previous cones

|
/
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/Ai] + Agﬂ < Rcone
Create an ordered list of particles descending in pT
and pick first particle (Second protojet)

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation p_l_

Collect particles in new cone of same size and find
new direction as above

Repeat until direction does not change - cone
becomes stable

Take next particle from list if above pT seed
threshold

Repeat procedure and find next proto-jet

Note that this is done with all particles, including
the ones found in previous cones

Continue until no more proto-jets above threshold
can be constructed —

The same particle can be used by 2 or more jets

|
/
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/Ai] + A(D < Rcone
Create an ordered list of particles descending in pT
and pick first particle (tWO jets)

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation
4 PT

Collect particles in new cone of same size and fin ] No ove rlap I
new direction as above
Repeat until direction does not change - cone
becomes stable ]
Take next particle from list if above pT seed Jet #2 Jet #1

threshold ! |
Repeat procedure and find next proto-jet : '
Note that this is done with all particles, including i
the ones found in previous cones !
Continue until no more proto-jets above threshold :
can be constructed — i
The same particle can be used by 2 or more jets !
Check for overlap between proto-jets

Add lower pT jet to higher pT jet if sum of particle
pT in overlap is above a certain fraction of the
lower pT jet (merge)

Else remove overlapping particles from higher pT
jet and add to lower pT jet (split)

All surviving proto-jets are the final jets |
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Use following jet finder rules:

AR:\/AUZ +A@® <R

cone

Pt |
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/AT] + A(D <R

Create an ordered list of particles descending in pT
and pick first particle

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

cone

Pt |
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/AT] + A(D <R

Create an ordered list of particles descending in pT
and pick first particle

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

cone

Pt |
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/A?] + A(D < Rcone
Create an ordered list of particles descending in pT
and pick first particle (f|rst protojet)

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation
4 PT

Collect particles in new cone of same size and fin
new direction as above —

Repeat until direction does not change - cone
becomes stable
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/AT] + A(D <R

Create an ordered list of particles descending in pT
and pick first particle

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation pT

Collect particles in new cone of same size and find

new direction as above —
Repeat until direction does not change - cone
becomes stable

Take next particle from list if above pT seed —
threshold

cone

n\‘l
]
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/AT] + A(D <R

Create an ordered list of particles descending in pT
and pick first particle

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation pT

Collect particles in new cone of same size and find
new direction as above -

Repeat until direction does not change - cone
becomes stable

Take next particle from list if above pT seed —
threshold

Repeat procedure and find next proto-jet

1

|

|

|

Note that this is done with all particles, including !
the ones found in previous cones !
|

|

|

|

|

cone

n\‘l
]
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/AT] + A(D <R

Create an ordered list of particles descending in pT
and pick first particle

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation p
Collect particles in new cone of same size and find T
new direction as above -

Repeat until direction does not change - cone

becomes stable ]
Take next particle from list if above pT seed — - -
threshold !

cone

Repeat procedure and find next proto-jet

1

|

|

|

Note that this is done with all particles, including !
the ones found in previous cones !
|

|

|

|

|




P. Loch

111 @THE UNIVERSITY Iterative Seeded Fixed Cone U of Arizana

. OF ARIZONA. May 05, 2010

Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/A?] + A(D <R

Create an ordered list of particles descending in pT
and pick first particle

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation p
Collect particles in new cone of same size and find T
new direction as above -

Repeat until direction does not change - cone

becomes stable 1
Take next particle from list if above pT seed — - -
threshold !

cone

Repeat procedure and find next proto-jet

1

|

|

|

Note that this is done with all particles, including !
the ones found in previous cones !
|

|

|

|

|
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/Ai] + A(D <R

Create an ordered list of particles descending in pT

and pick first particle (Second protojet)
Draw a cone of fixed size around this particle -

Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those
Use four-momentum re-summation pT

Collect particles in new cone of same size and find

new direction as above —
Repeat until direction does not change - cone
becomes stable .

Take next particle from list if above pT seed —

threshold

Repeat procedure and find next proto-jet

|

|

|

Note that this is done with all particles, including !
the ones found in previous cones :
|

|

|

|

cone

Continue until no more proto-jets above threshold
can be constructed —

The same particle can be used by 2 or more jets
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/Ai] + Agﬂ <R

Create an ordered list of particles descending in pT

and pick first particle (Second protojet)
Draw a cone of fixed size around this particle —

Resolution parameter of algorithm Y\ Lower pT jet

Collect all other particles in cone and re-calculate \ overlaps 100% -
cone directions from those |  remove it!
Use four-momentum re-summation p |l
Collect particles in new cone of same size and find T —
new direction as above -
Repeat until direction does not change - cone
becomes stable _
Take next particle from list if above pT seed S
threshold
Repeat procedure and find next proto-jet
Note that this is done with all particles, including
the ones found in previous cones
Continue until no more proto-jets above threshold
can be constructed —
The same particle can be used by 2 or more jets
Check for overlap between proto-jets

Add lower pT jet to higher pT jet if sum of particle
pT in overlap is above a certain fraction of the
lower pT jet (merge)

Else remove overlapping particles from higher pT
jet and add to lower pT jet (split)

cone
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/Ai] + A(D < Rcone
Create an ordered list of particles descending in pT
and pick first particle (one JEt)

Draw a cone of fixed size around this particle
Resolution parameter of algorithm

Collect all other particles in cone and re-calculate
cone directions from those

Use four-momentum re-summation pT

Collect particles in new cone of same size and find
new direction as above

Repeat until direction does not change - cone
becomes stable

Take next particle from list if above pT seed
threshold

Repeat procedure and find next proto-jet

[

|

|

I

Note that this is done with all particles, including !
the ones found in previous cones :
|

|

|

|

Continue until no more proto-jets above threshold
can be constructed —

The same particle can be used by 2 or more jets
Check for overlap between proto-jets

Add lower pT jet to higher pT jet if sum of particle
pT in overlap is above a certain fraction of the
lower pT jet (merge)

Else remove overlapping particles from higher pT
jet and add to lower pT jet (split)

All surviving proto-jets are the final jets |
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Use following jet finder rules: " "
Find particle with largest pT above a seed threshold AR = \/Ai] + A(D < Rcone
reate an ordered list of particles descending in pT
%ﬂrst particle (One Jet)
Draw f fixed size around this particle
ResOlutio ameter of algorithm

cone directions fr

Use four- momentu ion p
Collect particles in new co &sue and find T —

Collect all othe ﬁs in cone and re-calculate

new direction as above

Repeat until direction does not cone
becomes stable

Take next particle from list if above pT See‘ed

threshold

|

|

|

Repeat procedure and find next proto-jet |
Note that this is done with all particles, mcIudmg !

the ones found in previous cones e :

i

Continue until no more proto-jets above threshold

can be constructed — Q
The same particle can be used by 2 or more jets
Check for overlap between proto-jets 9

Add lower pT jet to higher pT jet if sum of particle
pT in overlap is above a certain fraction of the
lower pT jet (merge)

Else remove overlapping particles from higher pT
jet and add to lower pT jet (split)

All surviving proto-jets are the final jets
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Other problems with iterative cone finders:
“Dark” tower problem
Original seed moves out of cone

Significant energy lost for jets original seed lost for jets!

I
I
|
|
I
I
|
I
i
I
|
I
1
|
|

15t cone 2nd cone

3" cone
(not stable) (not stable) (stable)

P. Loch
U of Arizona

May 05, 2010
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Advantages

Simple geometry based algorithm
Easy to implement

Fast algorithm

Ideal for online application in experiment
Disadvantages
Not infrared safe

Can partially be recovered by splitting & merging
Introduces split/merge pT fraction f (typically 0.50 - 0.75)
Kills “trace” of pertubative infinities in experiment
Hard to confirm higher order calculations in “real life” without infinities!
Not collinear safe
Used pT seeds (thresholds)

Jets not cone shaped

Splitting and merging potentially makes jets bigger than original cone size
and changes jet boundaries
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Motivated by gluon splitting )

function [d ,-]
QCD branching happens all the
time

Attempt to undo parton
fragmentation

20.C, dE, dO,

~ J ij

7 min(E E;) O,

2
Mg_)gigj (kl )

(E;, <E;,0,<1)
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Motivated by gluon splitting 20C, dE, dO,

2 _ j ij
function [dkf ]Mg*gfgf(kf) 7z min(E,E,) O,
i’7=j ij
QCD branching happens all the (E <E,0 <1)
time J o
Attempt to undo parton Distance between all particles i and j
fragmentation S min(E2 E2)(1 o
Pair with strongest divergence | = min(E;, 1)2( —C0s0,)
likely belongs together j Q

kT/Durham, first used ine*e”  y, <y, — combine/ and j, else stop

Catani, Dokshitzer, Olsson,
Turnock & Webber 1991
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Motivated by gluon splitting 20C, dE, dO,

2 _ j ij
function [dkf ]Mg*gfgf(kf) 7z min(E,E,) O,
i’7=j ij
QCD branching happens all the (E.<E. O <1)
time ! v
Attempt to undo parton Distance between all particles i and j

fragmentation oy
Pair with strongest divergence = 2min(£7, £7 )2(1—cos®,.j)
likely belongs together Q

kT/Durham, first used ine*e”  y, <y, — combine/ and j, else stop

Catani, Dokshitzer, Olsson,

Turnock & Webber 1991 Drop normalization to Q* (not fixed in pp)
. . . . . — i 2 _ 2
Longitudinal invariant version Y; = d; =min(d,,d;)AR;, d; ;= p};
for hadron colliders AR =(y,—y,) +(¢,— @)
Transverse momentum instead

d, <d., — combine/andj, else stop
of energy

Catani, Dokshitzer, Seymour &
Webber 1993

(exclusive KkT)

JAY
% Valid at all orders!
S]
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Motivated by gluon splitting
function
QCD branching happens all the
time
Attempt to undo parton
fragmentation

Pair with strongest divergence
likely belongs together
kT/Durham, first used in ete
Catani, Dokshitzer, Olsson,
Turnock & Webber 1991
Longitudinal invariant version
for hadron colliders
Transverse momentum instead
of energy

Catani, Dokshitzer, Seymour &
Webber 1993

R S.D. Ellis & D. Soper 1993
% Valid at all orders!
S

2a.C, dE
7 min(E,,E})

J ij

.

~

ot ]

(E;, <E;,0,<1)

2
M 99,9, (kj)

Distance between all particles i andj
2min(E; ,E7)(1—cos®,)
yij - Q2

Vi <V —> Ccombineiandj, else stop

Drop normalization to Q* (not fixed in pp)
y, —>d, =min(d,,d )AR;, d, . =p;,

AR; =(y,—y,) +(@ —o,)

d, <d., — combine/andj, else stop
(exclusive KkT)

Inclusive longitudinal invariant clustering

. 2 2
d, =min(d,,d,)AR /R
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Classic procedure Inclusive longitudinal invariant clustering

Calculate all distances d; for ¢ :min(di,d.)A,l?,.z./R2
list of particles ’ o

. d = 2
Uses distance parameter i = Pri
Calculate d. for all particles
Uses pT

If minimum of both lists is a
d;, combine i and j and add
to list

Remove i and j, of course

If minimumisad, callia
jet and remove from list

Recalculate all distances and
continue all particles are
removed or called a jet

Features

Clustering sequence is
ordered in kT

a :

' Follows jet structure
JAY

S
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Classic procedure Inclusive longitudinal invariant clustering

Qalculate a)II distances dj,. for d, :min(d,,dj)AR,.i/Rz
list of particles

2n
Uses distance parameter d; = pr,
Calculate d. for all particles Cambridge/Aachen (n=0)
Uses pT cluster smallest d, first until d,>1

If minimum of both lists is a
d;, combine i and j and add
to list

Remove i and j, of course

If minimumisad, callia
jet and remove from list Alternatives

Recalculate all distances and Cambridge/Aachen clustering
continue all particles are Uses angular distances only

removed or called a jet . .
Clustering sequence follows jet
Features structure

Clustering sequence is
ordered in kT

a :

' Follows jet structure
JAY

S
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Classic procedure Inclusive longitudinal invariant clustering

Calculate all distances d|; for d, :min(d,.,dj)AR;/Rz
list of particles

2n
Uses distance parameter d; = py
Calculate d. for all particles Cambridge/Aachen (n=0)
Uses pT cluster smallest d; first until d,>1

If minimum of both lists is a .

d;;, combine i and j and add Anti-kT (il

to list follow classic algorithm
Remove i and j, of course

If minimumisad, callia
jet and remove from list Alternatives

Recalculate all distances and Cambridge/Aachen clustering
continue all particles are Uses angular distances only

removed or called a jet . .
Clustering sequence follows jet

Features structure
Clustering sequence is Anti-kT clustering
ordered in kT No particular ordering,

¥ Follows jet structure sequence not meaningful
JA
S)



P. Loch

126 @THE UNIVERSITY kT Examples U of Arizona

May 05, 2010

. OF ARIZONA.

kT, n=1 Anti-kT, n=-1 Cambridge/Aachen, n=0

[ 2 g P PT _|

| LR R
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kT, n=1 Anti-kT, n=-1 Cambridge/Aachen, n=0

[ 2 g P PT _|

L1
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kT, n=1 Anti-kT, n=-1 Cambridge/Aachen, n=0

[ 2 g P PT _|
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kT, n=1 Anti-kT, n=-1 Cambridge/Aachen, n=0

[ 2 g P PT _|
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kT, n=1 Anti-kT, n=-1 Cambridge/Aachen, n=0

[ 2 g P PT _|
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kT, n=1 Anti-kT, n=-1 Cambridge/Aachen, n=0

[ 2 g P PT _|
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Clustering Algorithms Clustering Algorithms:
CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets aDefine a distance d”_ between two
objects i, § :
& AR: = (yi — yj)° + (¢i — &j)°

dj = min(k;; , k;; JARZ/R?

and a distance d_ between one object

f and the beam direction B:

2
dIB — kn’
afFind the smallest of dU d',B.

|f d”_ recombine i, § ;
ifd_,iis ajet.
iB

porn

Paolo Francavilla Jet Algorithms 4
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Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Kt AntiKt
(Catani/Dokshitzer/Seymour/Webber - S.Ellis/Soper) (Cacciari/Salam/Sovez)
E E T v - 2 /p2
" dy =min(k} k2 )ARZ/R2 | di =min(ky Kk JARG/R
1 ty y -
dig = k dig = Ky

ti

¢orn ¢ orn

Paolo Francavilla Jet Algorithms
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'Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Kt AntiKt
(Catani/Dokshitzer/Seymour/Webber - S.Ellis/Soper) (Cacciari/Salam/Soyez)
E. 3
¢ orn ¢ orn
fw ) Paolo Francavilla Jet Algorithms 6
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Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Recursive Recombination Algortihms

P. Loch
U of Arizona
May 05, 2010

Kt AntiKt
(Catani/Dokshitzer/Seymour/Webber - S.Ellis/Soper) (Cacciari/Salam/Soyez)
E. 3
¢ orn ¢ orn
fﬁ%& ) Paolo Francavilla Jet Algorithms 7
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'Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Kt AntiKt
(Catani/Dokshitzer/Seymour/Webber - S.Ellis/Soper) (Cacciari/Salam/Soyez)
E. 3
¢ orn ¢ orn
fw ) Paolo Francavilla Jet Algorithms 8
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Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Recursive Recombination Algorithms

P. Loch
U of Arizona
May 05, 2010

Kt AntiKt
(Catani/Dokshitzer/Seymour/Webber - S.Ellis/Soper) (Cacciari/Salam/Soyez)
E. 3
¢ orn ¢ orn
fﬁ%& ) Paolo Francavilla Jet Algorithms 9
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'Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Kt AntiKt
(Catani/Dokshitzer/Seymour/Webber - S.Ellis/Soper) (Cacciari/Salam/Soyez)
E. 3
¢ orn ¢ orn
fw ) Paolo Francavilla Jet Algorithms 10
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'Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Kt AntiKt
(Catani/Dokshitzer/Seymour/Webber - S.Ellis/Soper) (Cacciari/Salam/Soyez)
E E

T

¢orn ¢orn

Paolo Francavilla Jet Algorithms 11



P. Loch

140 @THE UNIVERSITY Recursive Recombination Algorithms U of Arizona

. OF ARIZONA. May 05, 2010

'Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Kt AntiKt
(Catani/ Dokshitzer/Se]mourNVebber - S.Ellis/Soper) (Cacciari/Salam/Soyez)
E. 3
¢ orn ¢ orn
fw ) Paolo Francavilla Jet Algorithms 12
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Clustering Algorithms

CTEQ-MCnet school 2008
Gavin Salam Lectures on Jets

Kt AntiKt

(Catani/Dokshitzer/Se§mour/Webber - S.Ellis/Soper) (Cacciari/Salam/Soyez)

Different result

¢orn ¢orn

Paolo Francavilla Jet Algorithms 13
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Need to be valid to any order of perturbative calculations
Experiment needs to keep sensitivity to perturbative infinities
Jet algorithms must be infrared safe!
Stable for multi-jet final states

Clearly a problem for classic (seeded) cone algorithms
Tevatron: modifications to algorithms and optimization of algorithm configurations
Mid-point seeded cone: put seed between two particles
Split & merge fraction: adjust between 0.5 — 0.75 for best “resolution”
LHC: need more stable approaches
Multi-jet context important for QCD measurements
Extractions of inclusive and exclusive cross-sections, PDFs
Signal-to-background enhancements in searches
Event selection/filtering based on topology
Other kinematic parameters relevant for discovery

Among consequences of IR unsafety:

Last meaningful order
JetClu, ATLAS | MidPoint | CMS it. cone | Known at
cone [IC-sMm] [(ICmp-SM] [IC-PR]

Inclusive jets LO NLO NLO NLO (— NNLO)
W/Z + 1 jet LO NLO NLO NLO

3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFV]

@Q@ Miex In 2 + X none none none LO

NB: $30 — 50M investment in NLO
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Need to be valid to any order of perturbative calculations

Experiment needs to keep sensitivity to perturbative infinities
Jet algorithms must be infrared safe!
Stable for multi-jet final states

Clearly a problem for classic (seeded) cone algorithms
Tevatron: modifications to algorithms and optimization of algorithm configurations
Mid-point seeded cone: put seed between two particles
Split & merge fraction: adjust between 0.5 — 0.75 for best “resolution”
LHC: need more stable approaches
Multi-jet context important for QCD measurements
Extractions of inclusive and exclusive cross-sections, PDFs
Signal-to-background enhancements in searches Starts to miss cones
Event selection/filtering based on topology

Other kinematic parameters relevant for discovery at next order!
Among consequences of IR unsafety: /

Last meaningful order
JetClu, ATLAS [ MidPoint | CMS it. cone | Known at
cone [IC-sMm] [(ICmp-SM] [IC-PR]

Inclusive jets LO NLO NLO NLO (— NNLO)
W/Z + 1 jet LO NLO NLO NLO

3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFV]

f@@ Miex In 2 + X none none none LO

NB: $30 — 50M investment in NLO
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Attempt to increase infrared
safety for seeded cone

Midpoint algorithm starts with
seeded cone

Seed threshold may be 0 to
increase collinear safety
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Attempt to increase infrared  Find midpoints for stable cones within
safety for seeded cone

Midpoint algorithm starts with
seeded cone

AR =+JAy* + Ag? <2R

cone

Seed threshold may be 0 to
increase collinear safety

Place new seeds between two
close stable cones

Also center of three stable
cones possible
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Attempt to increase infrared  Find midpoints for stable cones within
safety for seeded cone

Midpoint algorithm starts with
seeded cone

AR =+JAy* + Ag? <2R

cone

Seed threshold may be 0 to
increase collinear safety

Place new seeds between two
close stable cones

Also center of three stable
cones possible
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Attempt to increase infrared  Find midpoints for stable cones within
safety for seeded cone

Midpoint algorithm starts with
seeded cone =

AR :\/Ay2 +A@p® <2R

cone

Ny
Seed threshold may be 0 to /,/ _f_,f”f’ _ "
increase collinear safety I; / %
Place new seeds betweentwo | |
close stable cones \‘“‘:th

Also center of three stable
cones possible

Re-iterate using midpoint seeds —_— pn—

Isolated stable cones are 4
unchanged
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Attempt to increase infrared

safety for seeded cone
Midpoint algorithm starts with
seeded cone

Seed threshold may be 0 to
increase collinear safety

Place new seeds between two
close stable cones

Also center of three stable
cones possible

Re-iterate using midpoint seeds

Isolated stable cones are
unchanged

Still not completely safe!
Apply split & merge

Usually split/merge fraction
0.75

P. Loch

Midpoint Seeded Cone U of Arizona
May 05, 2010
p,/GeV
400 A
300 o
200 +
100 s
0 ——————
-1 0 1 2 3 y
p,/GeV
400 4
300 Ao
200 s
100 s o
| R
-1 0 1 2 3 y

(from G. Salam & G. Soyez, JHEP 0705:086,2007)
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Improvements to cone
algorithms: no seeds

All stable cones are considerec

Avoid collinear unsafety in
seeded cone algorithm

Avoid infrared safety issue

Adding infinitively soft
particle does not lead to new
(hard) cone
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Exact seedless cone for N particles:

Improvements to cone

. O(N -2") operations
algorithms: no seeds i

N # operations remark
All stable cones are considered 4 64 fixed order parton level
Avoid collinear unsafety in 10 10240 very low multiplicity final state
seeded cone algorithm 100 ~1.3-10% low multiplicity LHC final state
Avoid infrared safety issue 1,000 ~1.6-10"*  typical LHC final state
Adding infinitively soft 10,000 oo LHC high luminosity final state

particle does not lead to new
(hard) cone

Exact seedless cone finder

Problematic for larger
number of particles
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Exact seedless cone for N particles:

Improvements to cone

. O(N -2") operations
algorithms: no seeds (N-27)op

N # operations remark
All stable cones are considered 4 64 fixed order parton level
Avoid collinear unsafety in 10 10240 very low multiplicity final state
seeded cone algorithm 100 ~1.3-10% low multiplicity LHC final state
Avoid infrared safety issue 1,000 ~1.6-10"*  typical LHC final state
Adding infinitively soft 10,000 oo LHC high luminosity final state

particle does not lead to new

(hard) cone Note: 100 particles

Exact seedless cone finder

Problematic for larger need ~1017 Years 1'0
number of particles be clusfefoedl
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Improvements to cone
algorithms: no seeds

All stable cones are considered

Avoid collinear unsafety in
seeded cone algorithm

Avoid infrared safety issue

Adding infinitively soft
particle does not lead to new
(hard) cone

Exact seedless cone finder

Problematic for larger
number of particles

Approximate implementation

Pre-clustering in coarse
towers

Not necessarily appropriate
A for particles and even some
T calorimeter signals
JA
S

Seedless Fixed Cone

P. Loch
U of Arizona
May 05, 2010

Exact seedless cone for N particles:

O(N -2") operations

N # operations remark

4 64 fixed order parton level

10 10240 very low multiplicity final state
100 ~1.3-10% low multiplicity LHC final state
1,000 ~1.6-10"° typical LHC final state

10,000 o© LHC high luminosity final state

Approximate seedless cone (Ar7xAp=0.2x0.2):
N  # operations remark
40 ~4.4-10°

70 ~8.3-10%

surviving bins with two narrow jets

surving bins with two wide jets
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SISCone (Salam, Soyez 2007)

Exact seedless cone with geometrical (distance) ordering
Speeds up algorithm considerably!
Find all distinctive ways on how a segment can enclose a subset of the
particles
Instead of finding all stable segments!
Re-calculate the centroid of each segment
E.g., pT weighted re-calculation of direction
“E-scheme” works as well
Segments (cones) are stable if particle content does not change
Retain only one solution for each segment
Still needs split & merge to remove overlap
Recommended split/merge fraction is 0.75
Typical times
N?InN for particles in 2-dim plane

1-dim example:
See following slides!

A
EE (inspired by G. Salam & G. Soyez, JHEP 0705:086,2007)
A
S
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Find all distinctive segments of size 2R____(O(N) operations in 1-dim)

6
9
I

I
|

5
L 2
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
!
445
S+6
|

2
X 2
|
|

1
L
I
I
I
1+2
|

| 34+44+5

|
|
|
|
|
|
|
|
|
|
|
|
|
|
3+4+5
)

3+4
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Reposition segments to centroids (green - unchanged, red - changed)
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4
o

3
L

Retain only one stable solution for each segment
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Similar ordering and combinations in 2-dim

Use Clrcles |nstead Of ||near Segments (from G. Salam & G. Soyez, JHEP 0705:086,2007)
(a) ° (b) ° (c) ° (d)
[ ® [ [
® ® ®
® o ® o —

Figure 3: (a) Some initial circular enclosure; (b) moving the circle in a random direction
until some enclosed or external point touches the edge of the circle; (¢) pivoting the circle
around the edge point until a second point touches the edge; (d) all circles defined by pairs
of edge points leading to the same circular enclosure.

Still need split & merge
One additional parameter outside of jet/cone size
Not very satisfactory!

But at least a practical seedless cone algorithm

Very comparable performance to e.g. Midpoint!
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Infrared safety failure

rates

SISCone Performance

P. Loch
U of Arizona
May 05, 2010

Computing performance

(from G. Salam & G. Soyez, JHEP 0705:086,2007)

JetClu 50.1%
SearchCone 48.2%
MidPoint 16.4%
Midpoint-3 15.6%
PxCone 9.3%

Seedless [SM-p,] 1.6%
0.17% Seedless [SM-MIP]

<10° Seedless (SISCone)

107 107 1073 1072 107!

Fraction of hard events failing IR safety test

run time (s)

10 C

0.1

0.01 |

0.001
1

I === -- CDF midpoint (s=0 GeV) A
- % - CDF midpoint (s=1 GeV) : .

r —8— SISCone 'y

PxCone

—=— k, (fastjet) 2

00

10000
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Computing performance an LHC events (pp collisions):
ISsue N  #operations time [s]
Time for traditional kT is ~N3 10 10° 0.05
Very slow for LHC 6
) . 100 10 0.50
Fastlet implementations .
Use geometrical ordering to 1,000 10 5.00
find out which pairs of LHC events (heavy ion collisions):
particles have to be . - )
manipulated instead of N # operations time [s]
recalculating them all! 10 000 102 5.10°
Very acceptable performance in ' 1 c
this case! 50,000 1.25-10 6.25-10

"on a modern computer (3 GHz clock)
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Computing performance an Fastlet implementations:
issue kT & Cambridge/Aachen ~NInN
Time for traditional kT is ~N3 N # operations  time [s]
Very slow for LHC 10 52 0.1.10°¢
Fastlet implementations ' Py
Use geometrical ordering to 100 460 2-10
find out which pairs of 1,000 6,900 35.10°°
particles have to be 5
manipulated instead of 10,000 92,000 0.5-10
recalculating them all! 50,000 541,000 3.10°3
[ Time vs Input size |
" Anti-kT ~+/N?
- kT (standard)
05 ATLAS Cone k . N # operations time [s]’
we W | o 10 32 0.2-10°
= 1 %O vy 3
400;_ m Q:‘ K \s&a(\da‘i%ooo‘;:f’ ﬁ - - 100 1 ’ 000 5-10 °
300 ]| = - 3
- Vi fﬁw ’ j Wy ] 1,000 32,000  0.2-10
s Gl -] 10,000 1,000,000 5107

o

WA ; oo |
"‘«%’f)% 2040 ew w0 dwome W0 50,000 11,200,000 56-107°
S)
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Address the search approach Find minimum for N particles in standard kT:
Need to find minimum in {dij =min(d,,d,)AR, /R,d, ZP%;}r i,j=1,..,N

standard kT

Order N3 operations
Consider geometrically nearest
neighbours in Fastlet kT dy=min A pr; <pr,

Replace full search by search =R, <R,V k#]j,ie. (7,) geometrical
over (jet, jet neighbours)

Need to find nearest neighbours

O(N?) searches, repeated N times — O(N?)

Fastlet kT uses nearest neighbours search:

nearest neighboursin (y,) plane

for each proto-jet fast Proof:
Several different approaches: Assume an additional particle k exists with
ATLAS (Delsart 2006) uses geometrical distance R, to particle /:
simple geometrical model, .
Salam & Cacciari (2006) d, =min(d,,d)R, /R<d,R, /R
suggest Voronoi cells >min=d, =d, R,-,-/R

Both based on same fact
relating d; and geometrical
distance in AR

Both use geometrically
ordered lists of proto-jets

works only for R, >R,
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Possible implementation

(P.A. Delsart, 2006)

Nearest neighbour search

Idea is to only limit recalculation of
distances to nearest neighbours

Try to find all proto-jets having
proto-jet k as nearest neighbour

Center pseudo-rapdity (or
rapdity)/azimuth plane on k

Take first proto-jetj closest to kin  complexity estimate:
pseudo-rapidity
Compute middle line L; between k

' — phi —

«— Etg —

Assume N proto-jets are uniformly distributed in (77,(0) plane

and j (rectangular with fintie size, area A)
All proto-jets below L; are closer to Average number of proto-jets in circle with radius R:
jthan k = k is not nearest _ 7R
neighbour of those N=N )
Take next closest proto-jet i in If R is mean distance between two proto-jets:

pseudo-rapidity -
Proceed as above with exclusion of N=1=R %/ﬁ—N

all proto-jets above L
Search stops when point below

intersection of L and L; is n~[n.—Rmn +R|F>~N-2R N v operations for k
reached, no more points have k as JN

JA
i i . .

45 nearest neighbour = N+/N total complexity (estimate)
S]

Computation of proto-jet k's nearest neighbours is restricted to
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Apply geometrical methods
to nearest neighbour
searches

Voronoi cell around proto-jet k
defines area of nearest
neighbours
No point inside area is closer
to any other protojet
Apply to protojets in pseudo-
rapdity/azimuth plane
Useful tool to limit nearest
neighbour search

Determines region of re-
calculation of distances in kT

Allows quick updates without
manipulating too many long Complexity estimate (Monte Carlo experiment):

(source http://en.wikipedia.org/wiki/Voronoi_diagram)

lists NInN total complexity
Complex algorithm!

B A Read G. Salam & M. Cacciari,
; Phys.Lett.B641:57-61 (2006)
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Various jet algorithms produce different jets from the same collision event

Clearly driven by the different sensitivities of the individual algorithms
Cannot expect completely identical picture of event from jets
Different topology/number of jets

Differences in kinematics and shape for jets found at the same direction
Choice of algorithm motivated by physics analysis goal

E.g., IR safe algorithms for jet counting in W + n jets and others
Narrow jets for W mass spectroscopy

Small area jets to suppress pile-up contribution

Measure of jet algorithm performance depends on final state
Cone preferred for resonances
E.g., 2-3...n prong heavy particle decays like top, Z’, etc.
Boosted resonances may require jet substructure analysis — need kT algorithm!
Recursive recombination algorithms preferred for QCD cross-sections
High level of IR safety makes jet counting more stable
Pile-up suppression easiest for regularly shaped jets
E.g., Anti-kT most cone-like, can calculate jet area analytically even after split and merge
Measures of jet performance
Particle level measures prefer observables from final state
Di-jet mass spectra etc.
Quality of spectrum important
Deviation from Gaussian etc.
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‘AntiKt4 (0,n,P_(GeVic)) | |AtlasCone4 (0,n,P_(GeVic)) ‘
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10000 10000
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4000 4000
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%& (from P.A. Delsart)
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T -
am Al TRLET
b

A [g:% (from G. Salam’s talk at the ATLAS Hadronic Calibration Workshop Tucson 2008)
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Quality estimator for distributions
Best reconstruction: narrow Gaussian 0.08

qq, M = 2000 GeV

—
|k, R=07

We understand the error on the mean! Q¥ .. =27 4 GeV E
. . : o~ 006 [ 02740 2
Observed distributions often deviate from Gaussian . IE
Need estimators on size of deviations! S 004 -
Should be least biased measures z
= 002 - &

Best performance gives closest to Gaussian distributions
List of variables describing shape of distribution on next slide
Focus on unbiased estimators
E.g., distribution quantile describes the narrowest range of values
containing a requested fraction of all events
Kurtosis and skewness harder to understand, but
clear message in case of Gaussian distribution!

1900 2000 2100
dijet mass [GeV]

(from Salam ,Cacciari, Soyez,
http://quality.fastjet.fr)

002 T T T T T 002 T T T T
qq 100 GeV Cam/Aachen (R=0.3) =—— qq 100 GeV Cam/Aachen (R=0.7) —
Gaussian fit ———- Gaussian fit ———-
_ 0.015 + . _ 0.015
S S
i) ()]
9, 9,
1E2 0.01 . g 0.01
b4 pd
el o
< <
© 0005 T 0005

JA
E 60 80 100 120 140 60 80 100 120 140
% dijet mass [GeV] dijet mass [GeV]
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Estimator

(R)

R

median

mop
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Quantity Expectation for Gaussian

statistical mean M= <R> =R 0p = Rinegian

median

most probable value

standard deviation o =RMS

skewness/left-right asymmetry 0

kurtosis/"peakedness" 0

. w -
quantile Qo9 =20

34.1%| 34.1%
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Quality of mass reconstruction for various jet finders and
configurations
Standard model — top quark hadronic decay
Left plot — various jet finders and distance parameters
BSM -2 (2 TeV) hadronic decay
Right plot — various jet finders with best configuration

55 1 I I I 1 1 ML Lk f 55 'l'll I ¥ I ! I ' 1 'k I
(Ryp=04) —— , / VA Mz =2TeV s .
) - ) R — | o | camha
SsCon K503 - . / | SisCare -~ /
* I COF midpoint (R*=03) - / - 45 |- CDF midpoint
S 40 : 4 S " |
& 2 4
5%
o o 3
R ]
25 [ 90
. .._;-_-,._h___.._ . ,, i 25
top reconstruction .
q ‘ A 15 1 1 1 1 1 1 1 1 20 1 . 1 . 1 . 1 . 1
f&%’@? 01 02 03 04 05 06 07 08 09 1 0.4 06 08 1 1.2
N% L
N 4 R R
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A/~ - - - _ - _
= 005 Kk, R=1.0 ~ k. R=05 " SISCone, R=0.5, =0.75
> 0.04 | Qreo.12=13.0GeV 1 [ ofpip=83Gev 1 [ Q¥.,=74Gev 2
[
2, S 0.03 - . : o
1 n - S
=2 zoe : "
' 2
=7 0.01 . <
g ”é 0 _ P I N R P PR I S S P R PR R S PR
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Z = 005 L L ] T ] L L
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= T A1 _ L _ L -
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= c | | —
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JAY
T
%& (from Cacciari, Rojo, Salam, Soyez, JHEP 0812:032,2008)
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; i:h L e L e L N
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= H 1/f - i L 1/f - _ L 1/ - _
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%& (from Cacciari, Rojo, Salam, Soyez, JHEP 0812:032,2008)
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Interactive Tool

Web-based jet performance evaluation available
http://www.lpthe.jussieu.fr/~salam/jet-quality

) Testing jet definit =10l x|

Eille Edit “iew Higtory Bookmarks Tools  Help

T c N Y IJﬂ'PE| http: A v Ipthe. jussieu fr~ salam/jet-gualite 77 -

gaussian standard deviation )’. !

12 Most Yigited |j hittp: £ A, cpt.pisa.it/... |j http: /7 atlas web. cern....

| W Table of methemalical symbols - | | W/ Yoronai diagram - wikipedia, th | £ SPIRESHEP: FIND & SAL&M S SPIRESHEP. FIND & SALAM .| | | | 2000px-Gtenderd_devistion_dia.. | | Testing jet definitions: qa £ | - | -

Testing jet definitions. qq & gg cases

by M. Caccian, J. Rojo, G.F. Salam and G. Soyez, arxiv.0810. 1304

qq, M = 2000 GeY

0.08

T
| k. R=07
Qff g1, = 27.4 GeV

006

1
FOCLOLG0ARIE

1N dnidbin /2

1300 2000 2100
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- |R=07 | —air|
@ at, ©alfm Mx2
_-| rebin = 2 ;l
®qgaq “og
- |mass=2000 « |
pileup: ® none 005 ©025 mb ey
subtraction: T

qq, M = 2000 GeV

0.08 T T T u
k,, R=07 2
&
006 - Qitorz =274 GeV z
PU=0.06mb" (subtr) |B

0.04 B

1N dnidbin /2

0.02

1800 2000 2100
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® g ©CiA Canti-ky © SISCone © CiAfilt

- |rR=07 | =dlR
@ af, ©alfum mx2
_-| rebin = 2 _+|
®qq Cog
- |mass = 2000 _« |
pileup: Cnone 005 C025 mb ' ev
subtraction: =

This page is Infended to help
wisualze how the cholce of jet
definition Impacts & dijet imvariant
mass reconstruction af LHC.

The controls fall into 4 groups:

® ihe jet definition

® ihe binning and quality
measures

® ihe fet-fype [quark, giuon) and
mass soae

® pileup and subtraction

The events were simulated with
Pytiia 8.4 {DWT fune) and
reconsiructed with Fastiet 2.3,

Far move information, view and lisien
fo the flash demo, or ciick on
indivicuai terms.

This page has been tested with Firefox
w2 andf w3, [ET7, Safariv3, Opera v3.5,
Chrome 0.2,

Feset |
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T
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CERN press release March 30,
2010 SSATLAS  2-Jet Collision Event at 7 TeV

. ’EXPERIMENT
Rolf Heuer (Dlrector General, 2010-03-30, 13:16 CEST

C E R N ) . Run 152166, Event 399473

“Beams collided at 7 TeV in the
LHC at 13:06 CEST today, 5 :
marking the start of the LHC e
research program. Particle ' 27 |t

physicists around the world are . R -
looking forward to a potentially iz , QQP
rich harvest of new physics as
the LHC begins its first long run
at an energy three and a half
times higher than previously
achieved at a particle
accelerator. ...”

That was at 4:06am (Arizona) this J
=

http://atlas.web.cem.ch/Atlas/public/EVTDISPLAY/events.html

morning...

We were probably not awake
but are as excited!

... and we already see two-jet )

events! W\ K})ﬁ ATLAS
. _ ;

See event displays on the right! -EXPERIMENT

TWO d iffe re nt even tS ! Date: 2010-03-30 13.05:04 CEST
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Top: Muon candidate

2010-03-30, 12:59 CEST
Run 152166, Event 322215
http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

Two collisions at the same
time
Pile-up!

Run Number: 152166, Event Number: 467774

Date: 2010-03-30 13:31:46 CEST

! ! \
http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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Recall: the experimentalists’ view on jets
A bunch of particles generated by

o o 06 LI T T 1 T T 1 T R A T T 1 T T 1 T T 1 T ®
hadronization of a common source 3 A | ik f.
. o - ATLAS L R
Quark, gluon fragmenation = 05F A e
As a consequence, the particles in this bunch 5 S . KD
have correlated kinematic properties ® C LR TR L LR L UL T Ll K
. 6 04mguuupmm ® op
Reflecting the source by sum rules and = - .
Conservation laws £ N n -
The interacting particles in this bunch 5 03 * cocce. 0 B
) . g —. .t e® .... .........- e0age®, ] ®
generated an observable signal in a detector = pee® o o
Protons, neutrons, pions, photons, electrons, @ 0.2 _:
muons, other particles with laboratory L - .
lifetimes >~10ps, and the corresponding 0.19!#%0!554&,; wrxn ¢$$$55¢!¢'£§ e aXa” g
anti-particles BBC8noBogPynBaEotEogSaHEeEEEEH5H T 9555 o
_I 11 | 11 1 | 111 | 11 1 | 11 1 | 111 | 11 1 | 111 | 11 1 I 111

The non-interacting particles do not generate a
directly observable signal
Neutrinos, mostly
What is jet reconstruction, then?

Model/simulation: particle jet

Attempt to collect the final state particles described above into objects (jets) representing the original parton
kinematic

Re-establishing the correlations

Experiment: detector jet
Attempt to collect the detector signals from these particles to measure their original kinematics
Usually not the parton!

OD

02 04 06 08 10 1.2 1.4 16 1.8 20
Jet E (TeV)
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10 GeV Change of composition

Radiation and decay inside
detector volume

“Randomization” of original
particle content

100 MeV
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10 GeV Change of composition

Radiation and decay inside
detector volume

——— “Randomization” of original
/‘ ~ particle content
/ N ) i
/ \ Defocusing changes shape in
/ \ lab frame

/ @ @ \ Charged particles bend in

/ \ solenoid field

l O
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10 GeV Change of composition

Radiation and decay inside
detector volume

- “Randomization” of original
o N particle content
‘ ~ _ _
// o \ Defocusing changes shape in
/ @ \ lab frame
/ ) \ Charged particles bend in
/ . \ solenoid field
‘ ) -
! \/® ) \I Attenuation changes energy
1 GeV ) f\;\ o | Total loss of soft charged
\ - @ Ny particles in magnetic field
\ @ ‘/ Partial and total energy loss of
\ ) charged and neutral particles in
' o NN S v/ Y, inactive upstream material
N o
~ ~ - d
n
100 MeV
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10 GeV Change of composition

Radiation and decay inside
detector volume

- “Randomization” of original
0 N particle content
st N _ _
o \ Defocusing changes shape in
/7T ®\ \ lab frame
e /) G Charged particles bend in
/, ® \ solenoid field
} B }Q ‘ \\ Attenuation changes energy
1 Ge () @ ! Total loss of soft charged
\ g . Yy particles in magnetic field
\ .? Ly Partial and total energy loss of
\" /Y charged and neutral particles in
' o N O A4 inactive upstream material
N, ——=— 7
~ ~ - d
N
100 MeV
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Change of composition

Radiation and decay inside
detector volume

“Randomization” of original
particle content

| | Defocusing changes shape in
Bl N : lab frame
! /--.__\\ Charged particles bend in
Sy solenoid field
| Attenuation changes energy

Total loss of soft charged
particles in magnetic field

Partial and total energy loss of
charged and neutral particles in
inactive upstream material

P T~ -—Q-—" = Hadronic and electromagnetic
cacades in calorimeters
Distribute energy spatially
Lateral particle shower overlap

10 GeV

\
A Y
Y

¥ 4

A J

100 MeV
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Experiment (“Nature”) Jet Reconstruction Challenges
u longitudinal energy leakage
: CH detector signal inefficiencies (dead channels, HV...)
= pile-up noise from (off- and in-time) bunch crossings
§ electronic noise
= - calo signal definition (clustering, noise suppression...)
< dead material losses (front, cracks, transitions...)
3 . detector response characteristics (e/h # 1)

' jet reconstruction algorithm efficiency
lost soft tracks due to magnetic field

added tracks from underlying event
added tracks from in-time (same trigger) pile-up event
jet reconstruction algorithm efficiency

w1

parton jet

physics reaction of interest (interaction or parton level)
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Experiment (“Nature”) Jet Reconstruction Challenges
g jet calibration task is to
5 unfold all this to reconstruct
3 the particle level jet driving

== e the signals...

added tracks from underlying event
added tracks from in-time (same trigger) pile-up event
jet reconstruction algorithm efficiency

w1

physics reaction of interest (interaction or parton level)
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Experiment (“Nature”)

]
s

calorimeter jet
51
T

EM

parton jet

w1

P. Loch

Jet Reconstruction Challenges U of Arizona

May 05, 2010

Jet Reconstruction Challenges

jet calibration task is to
unfold all this te reconstruct
the particle level jet driving
the signals...

..modeling and calculations
establish the link between
particle and interaction level...

physics reaction of interest (interaction or parton level)
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Experiment (“Nature”) Jet Reconstruction Challenges
5 jet calibration task is to
5 unfold all this fo reconstruct
3 the particle level jet driving

== e the signals...

..modeling and calculations
establish the link between
---------------------------------- particle and interaction level...

w1

..out how is this really done?

parton jet

physics reaction of interest (interaction or parton level)



P. Loch

189 @THE UNIVERSITY Jet Reconstruction Task U of Arizona

. OF ARIZONA. May 05, 2010

Experiment (“Nature”) The experiment starts with the actual collision or the
generator...

Triggered collision with signal parton collision,
fragmentation & underlying event (experiment), or:

Interaction level calculation with fragmentation and
underlying event modeling (simulations)

... g0 to the particles in the simulation ...
EM

Lo - Here particle level event represent the underlying

interaction and the full complexity of the physics of the
collision in the experiment

... collect the detector signals ...
From the readout (experiment), or:

Take the stable (observable) particles and simulate the

signals in the detector (e.g., the calorimeter and tracking
detector)(simulations)

... and compare them!

Complex — need to include all experimental biases like

event selection (trigger bias), topology and detector
inefficiencies

This establishes particle jet references for the
detector jets!

Of course only in a statistical sense, i.e. at the level of
distributions!

]
s

calorimeter jet
-
T

w1

parton jet
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Experiment (“Nature”) Modeling Particle Jets

)
s

Generated

\Particles
o Y vV I/ JetFinding
: Stable Particles

A
~_ Decays > _ T
Particles
i y \ y \

F ragmentalz'o,z

Particle
Jets

calorimeter jet
=

w1

parton jet

Multiple Interactions
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Experiment (“Nature”) Modeling Calorimeter Jets

3

g cH Reconstructed

b Identified Jets

B Particles

;\: FH

TR ' — + Jet Finding >
S : .

) - |[Reconstructed Calorimeter Signals
S i Signal Reconstruction -

A

Raw Calorimeter Signals

parton jet

- Detector Simulation -

|

Stable Particles
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Experiment (“Nature”) Measuring Calorimeter Jets

3

2o Reconstructed

b Identified Jets

B Particles

;\: FH

TR ' — + Jet Finding >
S : .

) - |[Reconstructed Calorimeter Signals
S <l Signal Reconstruction -

A

Raw Calorimeter Signals

parton jet

— N
___ Measurement >

|

Observable Particles
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What is jet calibration?
Straight forward: attempt to reconstruct a measured jet such that its final four-momentum
is close to the true jet kinematics generating the signal

Why is it needed?

Could compare simulated and measured calorimeter signals at any scale and deduct the
true kinematics from the corresponding particle jet in simulation

Remember energy scales in calorimeters?
But need to reconstruct any jet in the experiment

Even (or especially) the ones in events we have not simulated — which probably means new
physics?

To understand these events the best measurement of the true jet independent of the availability
of simulations for this specific event — no simulation bias allowed in general!

Can we calibrated without simulations at all?

Complex physics and detector environment — hard to avoid simulations for precision
reconstruction!

But there are in-situ jet calibrations (more at another time from a special guest speaker!)
So jet reconstruction needs to include a calibration

Use a simulated calibration sample representing simple final state
Chose a somewhat understood Standard Model topology like QCD di-jets
Calibrate using measurable jet features

Establish functions using jet observables as parameters to calibrate calorimeter jets from a basic
scale to the final jet energy scale

If done right, simulation biases can be reduced, especially concerning the correct simulation of the
event topology

A Understand the limitations (systematic error) in the context of the analysis
%24 All this is the global subject of the remaining lectures!
A
S
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Any jet calibration needs to be validated
First step is the initial closure test — apply the calibration to the same samples which were
used to extract it

Residual (average) deviations from the expected or true jet energy should be small — can be
considered a first input to the systematic error!

Then apply calibration to jets in other topologies/physics channels and measure deviation
from expected kinematics — this is the validation
Often done with simulated physics as they have an intrinsic truth reference (particle jets)
Samples with widely different topology than calibration sample preferred, possibly even several

topologies - | |
+ T LI | T LI T L LI
Understanding biases introduced [
in any given procedure is part of i ]
y g ) P P L9TSUSY Cone
the validation o SUSY KT
: . : =
]
N.eed to develop calibrations with least 4 - 5eD cone
biases |
Biases can be introduced by the use of 095F  OCD KT Old| Only for ]
simulations — physics model limitations, T & demonstration i
inappropriate calorimeter shower simulations i pumsgs' i
and signal extraction modeling, ... 0.9 e T e 6000
Also experimental biases due to trigger E (GeV)

and event selections changing shapes of distributions etc. — more later!
Need to understand if small or hidden biases in calibration sample and chosen calibration
model do not increase for other topologies

Calorimeter signal definition can introduce biases due to different sensitivities to noise, jet shape
reconstruction,...
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Some obvious procedural requirements
Need the same signal treatment in data and simulation
Including the same jet finder and jet finder configuration
Need to understand the detector data very well

Need to unfold all signal extraction inefficiencies and any detector problem

Can be done by including those into the simulated signal reconstruction (e.g.
noise) or by developing corrections for the experimental data

Need to understand the detector simulation very well

Signal defining electromagnetic and hadronic shower features need to be
reproduced to highest possible precision

Jet reconstruction validation
Compare basic performance measures for data and simulation
Signal linearity, relative energy resolution, jet shapes...

Level of comparison is good estimate for systematic error of a given
reconstruction and calibration

Assumes that simulation reflects state-of-art understanding of physics and
detector

Lack of understanding (data is the “truth”) then reflects measurement error
Ok’ but..l

Still have not told you how simulation based jet calibration is really done!
Like to lay down the ground rules first!
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Need to have another look at the calorimeter
Basically all calorimeters at collider experiments show some level of non-
compensation
For sure the ones in ATLAS and CMS are!
Needs to be corrected for jet calibration

And all other hadronic final state contributions like isolated hadrons, tau-leptons, and low
pT hadronic signals

Can this be done for highest spatial calorimeter granularity (cells)?

Not easy to see — individual cell signal without any other context hard to calibrate in non-
compensating calorimeters

Better to establish a larger context first to find out which calibration the calorimeter
cell signal needs

Reconstructed jet itself — in ATLAS this is called Global Calibration

Topological cell clusters without jet context — in ATLAS this is called Local Calibration

Cannot recommend to use cells directly to find jets:
High multiplicity on input for jet finders
Negative signal treatment required for four-momentum recombination
Noise can create E<0 in cells
Jets should consistent of significant (relevant) signal objects
Cell signal not a good image of the particle flow in jets
Larger calorimeter signal objects clearly preferred
% Towers of cells — add cell signal up in projective calorimeter towers
% Topological clusters of cells — add cell signals following signal correlations in showers
S|
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Impose a regular grid view on event
An Ae =0.1 0.1 grid
Motivated by particle Et flow in hadron-hadron o HE BRI -
collisions 0os | o "
Well suited for trigger purposes ' ' el
Collect cells into tower grid
: 025 | 0.25 .
Cells signals can be summed with geometrical ;
weights
Depend on cell area containment ratio pr‘ojec’rive cells .
Weight = 1 for projective cells of equal or . .
smaller than tower size non-projective
Summing can be selective 10 cells
Noise filter can be applied! i
n—

Towers have massless four-momentum

representation
Fixed direction given by geometrical grid
center
(EU¢’771¢) = (E — prpxlpy/pz) E77§0 = ( Z ) chIIEceII
ATSCA,
2 2 2
= + +
¥ \/,DX Oy TP 1 ifAYN <AnxAg
W =
&Y <1 ifAT > AnxAg
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Need to have another look at the calorimeter
Basically all calorimeters at collider experiments show some level of non-
compensation
For sure the ones in ATLAS and CMS are!
Needs to be corrected for jet calibration

And all other hadronic final state contributions like isolated hadrons, tau-leptons, and low
pT hadronic signals

Can this be done for highest spatial calorimeter granularity (cells)?

Not easy to see — individual cell signal without any other context hard to calibrate in non-
compensating calorimeters

Better to establish a larger context first to find out which calibration the calorimeter
cell signal needs

Reconstructed jet itself — in ATLAS this is called Global Calibration

Topological cell clusters without jet context — in ATLAS this is called Local Calibration

Cannot recommend to use cells directly to find jets:
High multiplicity on input for jet finders
Negative signal treatment required for four-momentum recombination
Noise can create E<0 in cells
Jets should consistent of significant (relevant) signal objects
Cell signal not a good image of the particle flow in jets
Larger calorimeter signal objects clearly preferred
% Towers of cells — add cell signal up in projective calorimeter towers
% Topological clusters of cells — add cell signals following signal correlations in showers
S|
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Calorimeter Towers: Sum Rules
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Impose a regular grid view on event
=2 i
0.25 :

An Ap=0.1 0.1 grid
Motivated by particle Et flow in hadron-hadron
0.25

0.25

collisions
Well suited for trigger purposes
0.25

Collect cells into tower grid
Cells signals can be summed with geometrical
' projective cells
non-projective

weights
Depend on cell area containment ratio
10 cells

Weight = 1 for projective cells of equal or
smaller than tower size

Summing can be selective
Noise filter can be applied to cell signals!
n—

Towers have massless four-momentum

representation
Fixed direction given by geometrical grid
center
(EU¢’771¢) = (E — prpxlpy/pz) E77§0 = ( Z ) chIIEceII
ATSCA,
2 2 2
= + +
¥ \/,DX Oy TP 1 ifAYN <AnxAg
W =
&Y <1 ifAT > AnxAg
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Signal integration
Towers represent longitudinally
summed cell signals

2-dimensional signal objects

Can include partial and complete
signals from several particles

Towers can preserve more detailed
signal features

Associated information to be collected
at tower formation

E.g., energy sharing in
electromagnetic and hadronic
calorimeters

Longitudinal signal center of gravity
Signal splitting
Towers can split signal from single
particles

Hadronic shower width can be larger
then tower bin, especially at higher
pseudo-rapidity

Can cause problems with infrared
safety

Can cause problems for seeded jet
finders

Collateral instability
Can lead to lost signals cone-like jets

Energy in tower bins outside of jet can
belong to particle signal in jet

R

P. Loch

More On Calorimeter Towers U of Arizona

May 05, 2010

(drawing by K. Perez, Columbia University)

Unbiased calorimeter tower is a
“slab” of energy in a regular
pseuderapidity-azimuth grid
(each tower covers the same

area in these coordinates)
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Collect cell into energy “blobs”

Idea is to collect all cell signals
belonging to a given particle into
one cluster of cells

Basically reconstruct the

shower for each particle
entering the calorimeter

Needs algorithm to form energy

blobs at the location of the
shower signal in the calorimeter

Follow the shower-induced cell
signal correlations
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Collect cell into energy “blobs” o _
Electronic Noise in Calorimeter Cells

Idea is to collect all cell signals R -
belonging to a given particle into s s - =
one cluster of cells o= 5
Basically reconstruct the LTS 5
shower for each particle : 7
entering the calorimeter z %
Needs algorithm to form energy 1o [FECT £y | b i Z
blobs at the location of the Fala : : e g
shower signal in the calorimeter Hece ' Tiet 1%
Follow the shower-induced cell T LA VU PR YU TR PRI T T L

signal correlations "

Extract most significant signal Pile-up Noise in Calorimeter Cells

from all calorimeter cells i sl
Cluster formation uses signal -%w ’}' , , ‘( 5
significance as guidance s Lol M 3
Not the total signal — noise EE ~HTR
changes from calorimeter Wik LI "-;\ /f‘ ! 8§
region to calorimeter region o R -y | e o)
Implicit noise suppression in o | Foats e 5
cluster formation Ec: B
Cluster signals should include o) L RS PSS R PR FURPS DU FUUVE PRE

1

least amount of noise
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Cluster seeding
Defined by signal significance above
primary threshold
Cells above this threshold can seed

cluster

Cluster growth
Defined by signal significance above
secondary threshold

Cells neighbouring seeds with
significance above this threshold drive
cluster growths

Cluster signal
Defined by cells with significance above
basic threshold
Cells to be considered in cluster energy
sums

Use of negative signal cells
Thresholds are considered for the
absolute (unsigned) signal magnitude

Large negative signals can seed and
grow clusters

P. Loch

ATLAS Topological Cell Clustering U of Arizona

May 05, 2010

Primary threshold

E
cel | >~ S defaultS=4
Gcell
Secondary threshold
E
celll > N, default N =2
Ucell
Collecting
E
el > p, default
Gcell
P=2
(note S>N >P)

Famous “4/2/0" clustering in
ATLAS
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Cluster seeding
Defined by signal significance above
primary threshold
Cells above this threshold can seed

cluster

Cluster growth control
Defined by signal significance above
secondary threshold
Cells neighbouring seeds with
significance above this threshold drive
cluster growths
Cluster signal

Defined by cells with significance above
basic threshold
Cells to be considered in cluster energy
sums
Use of negative signal cells

Thresholds are considered for the
absolute (unsigned) signal magnitude

Large negative signals can seed and
grow clusters

Parameters for each stage optimized
with testbeam data

Experimental single pion shower shapes
guide cluster algorithm develpoment

Clean tuning reference!

Resolution

Resolution of Sum E

ATLAS Topological Cell Clustering

P. Loch
U of Arizona
May 05, 2010

clus
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1. Find cell with most significant seed over primary threshold S
2. Collect all cells with significance above basic threshold P

Consider neighbours in three dimensions
Defined by (partly) shared area, (partly) shared edge, or shared corner point
E.g., 26 neighbours for perfectly cubed volumes of equal size

Neighbours can be in other calorimeter regions or even other calorimeter
sub-systems

Granularity change to be considered in neighbouring definition

3. For all cells neighbouring seeds with signal significance above
secondary threshold N, collect neighbours of neighbours if their
signal significance is above P

Same rules as for collection around primary seed

4. Continue until cluster does not grow anymore

Automatically generate “guard ring” of small signal cells at cluster margin

In three dimensions, of course

5. Take next not yet used seed cell and collect next cluster
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Large topologically connected regions in calorimeter can lead to
large cell clusters

Lost particle flow structure can introduce problems for jets
Infrared safety, in particular

Need to refine the clustering algorithm

Try to match single particle shower shapes better

Splitting the clusters

Examine spatial cluster signal structure — find local signal maxima
“hill and valley” structural analysis in three dimensions

Split cluster between two maxima
In three dimensions, of course!

Share energy of cells in signal valleys

Needs sharing rules — introduces “geometrically” weighted cell energy
contribution to cluster signal

Introduces new tunable parameter

Local signal maximum threshold is defined in units of energy, not
significance!
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E (GeV)

splitting
=== === r++ - -threshold-
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Splitting technique

Guided by finest calorimeter
granularity

Typically in electromagnetic
calorimeter

Allows to split larger cell signals
without signal valley

Typically in hadronic calorimeters

neCE=1»
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Splitting technique

Guided by finest calorimeter
granularity

Typically in electromagnetic
calorimeter

Allows to split larger cell signals
without signal valley

Typically in hadronic calorimeters

Rule for energy sharing (ATLAS example):

E
_ 1
YT rE
1+r 2
w,=1-w,
r=e%

(d. is the distance of the cell from the centroid of cluster i)

Each cell can only appear in up to two clusters
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Clusters have shapes
Geometrical moments and sizes
Lateral and longitudinal
Tilt of principal axis

With respect to direction
extrapolation from primary
vertex (magnetic field!)

Density and compactness
measures

Cluster energy distribution in

P. Loch
U of Arizona
May 05, 2010

cells

Energy sharing between
calorimeter segments and 2000
modules

Shower structures

Useful for cluster calibration 1000

Exploit shape sensitivity to
shower character
Hadronic versus electromagnetic o
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| |
1.00E+00 - | ——PDF {noise)

— = PDF(noise,cluster)

probability for
— “true” signal for
clustered cells

e PDF (total)

Probability

1.00E-01 - = = =PDF(total,cluster)

probability for
——— “true” signal for all

cells

Prob(Signal)

====Prob(signal,cluster)

1.00E-02 -

Note change of shape of
probability density
function due to
correlations introduced by
showering — clustered
small signal cells have
more likely some true
signal because they are in
: the neighbor-hood of a

| cell with significant signal,
: while cells with the same
.'

I

1.00E-03

1.00E-04 - | / |

' /
1.00E-05 -
ﬁ /

L

1.00E-06 - ': /’

. - signal from noise only are
1.00E-07 !

more often suppressed!

% -50 40 -30 -20 -1.0 0.0 1.0 2.0 3.0 4.0 5.0
® Signal Significance (E/o)
S]



P. Loch

246 @THE univirsiy  Probably For Cell To Have True Signal Uof Arzona

May 05, 2010

. OF ARIZONA.

1.2
s = Prob(Signal)

Significant boost of
likelihood that small

—— log(Proby(signal,cluster)/Prob(Signal)) signals are generated by
10 = particles (rather than

1 e noise) in clustered cells!

/
_ ! /
0.8

[
I
.y !

0.6
i I
'\

=== Prob(signal,cluster)

Probability, Probability Ratio (log10)

[]
[]
- (]
[]
n 1
0.4 !
| ]
1
B (]
]
T 1
[
| /
0.2 /
- [}
(]
- [}
)
7 7]
4
N ’
0.0 -t

% -5.0 40 -3.0 -20 -1.0 0.0 1.0 2.0 3.0 4.0 5.0
= R Signal Significance (E/o)
S]



247 '@THE UNIVERSITY
. OF ARIZONA.
Cluster signal

Sum of clustered cell energies
Possibly with geometrical weight
introduced by cluster splitting

Cluster direction & location
Barycenter in (1,@) from energy
weighted cell directions

Negative signal cells contribute with
absolute of their signal

Small effect on direction of final
cluster from particles — negative
signals are noise, i.e. small!
Consistent approach for direction
calculation
Leaves true signal and noise clusters
at the right direction
Same approach for geometrical signal
center

“center of gravity”

Cluster Kinematics

P. Loch
U of Arizona
May 05, 2010

Total cluster signal:

(electromagnetic energy scale)

EO,cIuster - Z chll, cIusterEO,ceII
clustered cells
(with w # 1 only for cells shared between clusters)

cell, cluster

Direction and location:

Z chll, cluster EO,ceII ncell
77 _ clustered cells
cluster
Z chll, cluster EO,ceII
clustered cells
Z chII, cluster EO,ceII ¢ce|l
¢ __ clustered cells
cluster
Z chll, cluster EO,ceII

clustered cells

(Xcluster ’ ycluster ’ chuster )

Z chll, cluster

(Xcell ’ ycell ’ Zcell )
__ clustered cells

Z WceII, cluster

clustered cells

E

0,cell

E

0,cell
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Cluster signal

Sum of clustered cell energies
Possibly with geometrical weight
introduced by cluster splitting

Cluster direction & location

Barycenter in (1,@) from energy

weighted cell directions

Negative signal cells contribute with
absolute of their signal

Small effect on direction of final
cluster from particles — negative
signals are noise, i.e. small!

Consistent approach for direction
calculation

Leaves true signal and noise clusters
at the right direction

Same approach for geometrical signal
center

“center of gravity”
Cluster four-momentum
Massless pseudo-particle approach
similar to tower

Consistent with cluster idea of
reconstructing showers rather than
particles

Cluster Kinematics

P. Loch
U of Arizona
May 05, 2010

Cluster four-momentum

(electromagnetic energy scale)

1

COS gacluster /SI n h ncluster

sin (Dcluster/SI r]hncluster

tan h ncluster

(Ecluster ’ pcluster ) - EO,cIuster

with:

pcluster

cluster —

- pcluster
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Signal integration
Clusters sum cell signals without grid

3-dimensional signal objects

Can include partial and complete
signals from several particles

Clusters preserve some detailed
signal features

Associated information to be
collected at cluster formation

E.g., energy sharingin
electromagnetic and hadronic
calorimeters

Longitudinal signal center of gravity
Shapes

Signal splitting
Topological clusters need splitting
algorithm

Cannot follow individual showers
perfectly in jet environments

Can cause problems with infrared
safety

Few problems with seed and energy
leakage

Can include energy from cells even
outside of jet cone

R

P. Loch

Cluster Features U of Arizona

May 05, 2010

(drawing by K. Perez, Columbia University)

e

Topological cell cluster is a
“bleb” of energy dynamically
located inside the calorimeter
(even crossing sub-detector
boundaries)
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Signal formation
Fill towers with cells from topological
clusters
These survived noise suppression

Same energy collection as unbiased
towers

Signal integration
Sum cell signals on tower grid

2-dimensional signal objects

Can include partial and complete
signals from several particles

Same additional signal features as
unbiased towers

Associated information to be collected
at tower formation

E.g., energy sharing in
electromagnetic and hadronic
calorimeters

Longitudinal signal center of gravity
Signal splitting
Can split showers, have problems with
seeds, and cell energy “leakage”
Same problems as unbiased tower
Applies regular geometrical splitting

Transverse energy flow motivated
energy distribution

Avoid splitting threshold parameter

R

P. Loch

Noise Suppressed Tower Signals U of Arizana

May 05, 2010

(drawing by K. Perez, Columbia University)

Neise suppressed towers are
sparsely populated slabs of
energy in a regular
pseuderapidity-azimuth grid
(each tower covers the same
area in these coordinates)
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General cluster features
Motivated by shower reconstruction
No bias in signal definition towards reconstruction of a certain, possibly very specific, physics signal object like a jet
Clusters have shapes and location information

Spatial cell energy distributions and their correlations drive longitudinal and lateral extensions
Density and energy sharing measures
Signal center of gravity and (directional) barycenter
Shapes are sensitive to shower nature
At least for a reasonable clustering algorithm

Local (cluster) calibration strategy

First reconstruct truly deposited energy at cluster location...
e/h, mostly
..then correct for other energy losses in the vicinity of signal cluster
Dead material energy losses and signal losses due to noise suppression
Calibration input

Reconstructed cluster shapes represent shower shapes

E.g., dense and compact clusters indicate electromagnetic shower activity anywhere in the calorimeter
Can be intrinsic to a hadronic shower!

Calibration functions can exploit the cluster shapes to apply the corrections for e/h # 1 dynamically
Location of cluster together with shape

E.g., dense and compact clusters located in electromagnetic calorimeter indicate electron or photon as particle originating the
signal

Cluster not (part of) hadronic shower signal!
Clusters can classified before calibration

Electron/photon clusters need different calibration than dense clusters from hadronic showers!
Cluster calibration extensions

Shapes, location and size also indicate possible energy losses around the cluster
Some correlations between energy losses in inactive material in front or inside of clusters

Cluster size and signal neighbourhood sensitive to lost true signal in noise suppression algorithm
Out-of-cluster corrections
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Electronic and readout effects

[ Intrinsic Electromagnetic Energy Scale Signal } unfolded (nA->GeV calibration)

l

Basic Calorimeter Signal Definition:
Topological Cell Cluster Formation

3-d topological cell clustering
includes noise suppression and
establishes basic calorimeter
signal for further processing

Y

Advanced Calorimeter Signal Definition: Cluster shape analysis provides
Cluster Classification appropriate classification for

calibration and corrections

Calibration Calibration Cluster character depending
Electromagnetic Clusters Hadronic Clusters calibration
Dead Material Corrections Dead Material Corrections App'y dead material corrections
Electromagnetic Clusters Hadronic Clusters

specific for hadronic and
electromagnetic clusters, resp.

Out-of-cluster Corrections QOut-of-cluster Corrections ifi t ¢
Electromagnetic Clusters Hadronic Clusters Apply specific out-of-cluster

corrections for hadronic and
—-»[ Final Local Energy Scale Signal ]4—

electromagnetic clusters, resp.

24pwWi14s] Abuau] pajisodaq 2nJy Jo ALond
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Phase-space pion counting method

Classify clusters using the correlation of
Shower shape variables in single 1 MC events

Auser = Cluster center of gravity depth in calorimeter

_ 1
pcluster = Z EO,ceII .IOceII
EO,cIuster cells in cluster
Electromagnetic fraction estimator in bin of shower shape variables:
0
e(r
Fo_ o)
e(r”)+2e(n™)
(X) N(X) producing a clusterin a given (7,E, ucer r Aetuster 7 Petuster )
g(X)= '

N(X) total

Implementation

keep F in bins of n, E, A, p of clusters for a given cluster
If E <0, then classify as unknown
Lookup F from the observables |n|, E, A, p
Cluster is EM if F > 50%, hadronic otherwise
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Calibration with cell signal weights

Idea is to compensate for lack of pion response in each cell
Pioneered in CDHS and applied in H1

e [
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Calibration with cell signal weights

Idea is to compensate for lack of pion response in each cell
Pioneered in CDHS and applied in H1
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Calibration with cell signal weights

Idea is to compensate for lack of pion response in each cell
Pioneered in CDHS and applied in H1

:|passi~.fe

em Er:'"n :| em
E.. = Ec J{E... ]
= |: “= Jactive “E1 dpassive
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Calibration with cell signal weights

Idea is to compensate for lack of pion response in each cell
Pioneered in CDHS and applied in H1

ion ion ion invisible invisible
E el =[E ||] +[E ||] E el =[Eceu ]
ce ce active e passive active

p—— invisible
+ [Ecell ] .
passive

M-

em em em
e =| E +[E___]
Le I: e :Iact"-.fr:' CE dpassive
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Calibration with cell signal weights

Idea is to compensate for lack of pion response in each cell
Pioneered in CDHS and applied in H1
Uses deposited energies in cells

Deposit can be in active or passive medium of calorimeter!

— Eem + Eion + Einvisible + Eescaped

R deposited,cell cell cell cell cell
calib . "deposited" energy anwa?lfere within cell boundaries ’
cell cluster — om ion _

EO,ceII = Cem ) A(|:Ecell C_B Ecell :|active 't'X" ) )

) reconstructed;m scale signal ’

(E* is the energy escaping the calorimeter, i.e.

carried by neutrinos - it is often assigned to the cell

in which the neutrino vertex is located)
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Calibration with cell signal weights

Idea is to compensate for lack of pion response in each cell
Pioneered in CDHS and applied in H1
Uses deposited energies in cells

Deposit can be in active or passive medium of calorimeter!

— Eem + Eion + Einvisible + Eescaped

deposited,cell cell cell cell cell
. )
'
calib . "deposited" energy anywhere within cell boundaries
cell cluster — .
em ion -
E . =c -A([E DE ] ,t,x,...)
0,cell em cell cell active
|\ ~ Y]

reconstructed em scale signal

Only signal contribution from energy depesited by
electromagnetic sub-showers and through ionization by
charged particles!
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Calibration with cell signal weights

Idea is to compensate for lack of pion response in each cell
Pioneered in CDHS and applied in H1

Uses deposited energies in cells
Deposit can be in active or passive medium of calorimeter!

Energy deposited in cell not available in experiment

Use of detector simulations
Deposited energy and signal available
Use “unit cell” volume concept to collect invisible energies
Shower model dependent!

Use single pion testbeam data
Develop model for weights in cells
Fit parameters of model using cells testbeam

Minimize resolution with beam energy constraint

Statistical — does not necessarily produce the correct weights!

P. Loch
U of Arizona
May 05, 2010
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Basic idea

Use a dynamically self-adjusting calibration E — ch” ( . ) -E

rec,cell O,cell = =deposited,cell
weight

High cell signal density -
electromagnetic deposit

Low cell signal density - hadronic
deposit
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Basic idea

Use a dynamically self-adjusting calibration Erec cell — chll ( . ) ) Eo cell — Edeposited cell
weight
High cell signal density - ceII( ) — W(,Oce“ — EO ceII/ cell ) Xyeo )

electromagnetic deposit
Low cell signal density - hadronic
deposit

Principal weighting function characteristics
Depends on cell energy density
Depends on cell location

Accidental application to electron signals
should yield correct energy as well
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Basic idea

Use a dynamically self-adjusting calibration Erec cell — ch“ ( . ) ) EO cell — deposited,cell
weight
High cell signal density - cell( ) = W(Iocell = EO ceII/ cell , X )
electromagnetic deposit
Low cell signal density > hadronic e.g. in H1:
deposit
Principal weighting function characteristics E (1 4 LX) P )
o\X,...):- e .
Depends on cell energy density rec,cell N ( ) / O,cell’

Vo

Depends on cell location -
=W (e X --)

Accidental application to electron signals
should yield correct energy as well Wlth ||m E —F

N rec,cell 0,cell
pcell o0
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Basic idea

Use a dynamically self-adjusting calibration Fit a(XI X -)1 ﬁ(xl .o ) Wlth
weight

2
High cell signal density > (E — E )
electromagnetic deposit ZZ — E rec,cell beam —min

Low cell signal density - hadronic 02
deposit events

Principal weighting function characteristics | e.:
Depends on cell energy density

Depends on cell location aZ 6Z
Accidental application to electron signals 77 — O a nd O
should yield correct energy as well 6&

Extraction of weighting functions

Minimize resolution in (pion) testbeam data
Fitting function model

May not produce the correct weights —
may even be unphysical!
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Basic idea . . . _
Use a dynamically self-adjusting calibration Fit a(XI X -)1 ﬂ(xl .o ) Wlth

weight )
High cell signal density > (E — E )
electromagnetic deposit 12 — Z rec,cell beam —min
Low cell signal density - hadronic 02
deposit events

Principal weighting function characteristics Ie .

Depends on cell energy density
Depends on cell location aZ 8Z
Accidental application to electron signals 77 — O a nd 7 - O

should yield correct energy as well

Extraction of weighting functions

R o E./E;" Ei/E;”
Minimize resolution in (pion) testbeam data <1,6 * >, R T <, : > n e
Fitting function model L4 b . @ i @ E
i E IFE E 3 IFH 3
May not produce the correct weights — s T %, ] .o, E
may even be unphysical! Ok . 3 DR 3
10 E WD, - SO —— p—
- e = 3+ i 3
E % 5 —o— S ® - 3
0.4 E_ Lol soraaennd el J_— MR TT] B | aul :
102 107! 10° 10' 1072 107! 10° 10" .
E? [GeV] ~° E? [GeV]
fpoq@ %’\d Erec,cell Edeposited,cell
3 g °
ﬂ % EO,ceII EO,ceII
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Basicides ATLAS cluster-based approach:
Use a dynamically self-adjusting calibration _ _
weight 1. Use only cells in hadronic clusters
High cell signal density - 2. Cluster sets global energy scale as a

electromagnetic deposit .
. . . reference for densities
Low cell signal density - hadronic

deposit 3. Calculate Eyeposited,cenl/ Eo,cen from single
Principal weighting function characteristics pion simulations in bins of cluster
Depends on cell energy density energy, cell energy density, cluster

Depend Il locati - i i [
RPRIVE O CoN focation direction, and calorimeter sampling layer

Accidental application to electron signals

should yield correct energy as well 4. Store [Edeposited,celI/EO,ceII]-1 in Iook-up
Extraction of weighting functions tables
Minimize resolution in (pion) testbeam data ~ 1 20 ~ Inl < 2.2, HEC layer 11 .5
Fitting function model E  oF [Enwies 24728 i 14
. > - |Meanx  4.923
May not produce the correct weights — 2 £ g Lo , -
may even be unphysical! 3 E RMSy  0.5957 N —1.2
Use simulation % = e -I‘-‘
- | -

Deterministic approach relates signal to 0- E 8l -j- . _;9
deposited energy within cell volume — no ‘4:_"1[ - ‘ = -_ o‘a
fitting! s (O A 0'7
May depend on details of (hadronic) B = hadronic weight - 0:6
shower modeling il N N TR TR TR N )
5 25 3 3.5 2 a5 Bog1 o(r:":f_ o
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Cell Signal Weights
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Basic idea

Use a dynamically self-adjusting calibration

weight
High cell signal density -
electromagnetic deposit
Low cell signal density - hadronic
deposit

Principal weighting function characteristics
Depends on cell energy density
Depends on cell location

Accidental application to electron signals
should yield correct energy as well

Extraction of weighting functions

Minimize resolution in (pion) testbeam data
Fitting function model
May not produce the correct weights —
may even be unphysical!

Use simulation

Deterministic approach relates signal to
deposited energy within cell volume — no
fitting!

May depend on details of (hadronic)
shower modeling

ATLAS cluster-based approach:
1. Use only cells in hadronic clusters

2. Cluster sets global energy scale as a
reference for densities

3. Calculate Eyeposited,cenl/ Eo,cen from single
pion simulations in bins of cluster
energy, cell energy density, cluster
direction, and calorimeter sampling layer

4. Store [Edeposited,celI/EO,ceII]-1 in Iook-up
tables

5. Retrieve weights for any cell in any
cluster from look-up table to reconstruct
cell and cluster energies

Ecalib _ E _
rec,cluster ~ rec,cell

cells in cluster

calib
Z chll,cluster (EO,cIuster ’ ncluster ’ Scell ’ pcell ) ) EO,ceII

cells in cluster



P. Loch

268 @THE UNIVERSITY Cluster Dead Material Corrections U of Arizona
. OF ARIZONA. May 05, 2010
Dead material e
Energy losses not directly measurable T ,eC :EEOG;"V
Signal distribution in vicinity can help E [ = -
Introduces need for signal corrections up to 8 s
O(10%) ° C
Exclusive use of signal features P 0.4
Corrections depend on electromagnetic or 2 -
hadronic energy deposit 5 03
. o =
Major contributions 5 oot
Upstream materials g 5“
Material between LArG and Tile (central) 04
x C
Cracks -
. . 0
dominant sources for signal losses o o5 1 15 2 25 3 35 4 45 5
In|=1.4-1.5 M
||’]|z32 = 0'7: 2:0GV: ‘. ' ‘ g . . ;
CIea_rIY affects detection efficiency for & el 200 o
particles and jets E [
Already in trigger! gs 0.5 i
Hard to recover jet reconstruction © -
inefficiencies o 04 S
Generate fake missing Et contribution = |
Topology dependence of missing Et S 03
reconstruction quality 5 oaf
Additive correction: 2 F
S e S L D I
Eca||b+DM —Ecallb _I_EDM (_> ) DWlﬁl\Jli|||W‘Fﬂﬁ'ﬁlﬂ\]lhlll|l‘wllll
rec,cluster — “rec,cluster rec,cluster \“*cluster 7* * * ¢ o5 1 15 2 25 3 35 4 45 5
n
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Out-of-cluster Corrections
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Compensate loss of true signal
. . . . ¢ -absicl_eta o} {¢l_e_topo=1e filamp
Limited efficiency of noise — ':“' Jopoiebeisl efs topo) (61,8 joporied) ] s 7w
suppression scheme S ook . Moy 01709
. . e | ] 8 I :
Discard cells with small true 3 nxﬁ#%rﬁ;wﬁtf##f“ '+|+ ) T
energy not close to a primary or & pr -T2 +-t Hr:‘}T +'ﬁ+* #
secondary seed § osF | .H{
Accidental acceptance of a pure £ osf
noise cell g 0t sinale bions
Can be significant for isolated pions | 2 ™~ >, glep
D2 N\t §
10% at low energy £ <
| S
Correction derived from single N S RIS A S
pions ' ol
Compensates the isolated particle | |_c.isoltopoiabsicl eta_lopo) {cl e lopo>1ed} | Evfries 71
loss FE Moany 0585
But in jets neighboring clusters can | & 2:5 AMSy 03051
pick up lost energy 5 L N fia "t#%* (AR 0w
Use isolation moment to measure 8 D_E?HMW#, R ﬁ#ﬁ
effective “free surface” of each % o5t L w.
cluster S 'FL r*fﬂ%
Scale single pion correction with 03— o~ g 4 S
this moment (0...1) oab- kST L.
.. . e + 10 QCD jets
Additive correction: 0.1 s |
Ecalib+DM+OOC —F g —— ' g 3 3
d& A rec,cluster ~ "rec,cluster In|
Cﬂ E calib+DM 00cC =
g & E (x m,
i & rec,cluster rec,cluster " cluster 7" " “isol ? = 0,cluster 7 * * *
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Attempt to calibrate hadronic calorimeter signals i i
in smaﬂest possible signal context Local Ca|lbl‘.atIOI1 does not
Topological clustering implements noise rEPTOdUCE jet energy
suppression with least bias signal feature .
extraction Energy losses not correlated with
Residual concerns about infrared safety! cluster signals can not be corrected
No bias t(_)wards a certain phy5|cs an_aly5|s Magnetic field losses
Calibration driven by calorimeter signal features -
without further assumption Dead material losses
ggggggjrgcr%on signal base for all hadronic final Needs additional jet energy scale
Jets, missing Et, taus corrections
Factorization of cluster calibration Use specific jet context to derive
Cluster classification largely avoids those
application of hadronic calibration to . .
Electromagnetic signal objects On|v appllcable to cluster jEtS!
Low energy regime challenging
Signal weights for
hadronic calibration are E_,r'cr — E('ah) 4 E!O.S'.’.' 4 EIO.S'S i Eioss 4 Eioss _ Ega'."n o Egc?fn b |
functions of cluster and true dep mag low leak out UE®PU env
\Cl‘;'r'ig’slfsmeters and E;’  energy deposited in the calorimeter within signal definition
Cluster energy and E" charged particle energy lost in solenoid field N
direction J;rang Only source
Cell signal densityand | f7°% particle energy lost in dead material L
location (sampling }”‘" of Slgl"ICll.
layer) E.> energy lost due to longitudinal leakage
Dead material and out of oss ) _ _ _ o
cluster corrections are E’” energy lost due to jet algorithm/calorimeter signal definition
independently applicable ; . )
Factorized calibration 52:;[’{ enel‘gy added by underlyll‘lg event al‘ld/OI' plle‘up
scheme ain . .
E2 energy added by response from other nearby particles/jets J
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Use jet context for cell calibration

Determine cell weights using jet energy constraints generated stable particle ]

Same principle idea as for local cell weighting, but
different global energy scale

Needs jet truth reference l

Jet context relevant [ detector
Supports assumption of hadronic signal activity simulation
Has enhanced electromagnetic component

same jet

contributing to the weighting function game e
parameterizations of all cells — larger (volume/area) ot find
context than topological clustering Jet finder )

A

May be biased with respect to calorimeter signal
definition and jet algorithms l l

Jet energy references for calorimeter jets / article jets / / calorimeter /

Simulation jets

Matching particle level jet (same jet definition)
energy l
Experiment

pT balance with electromagnetic system like photon
or Z-boson

W mass spectroscopy

Sampling energy based jet calibration VES NO

Coarser than cell signals but less numerical
complexity use for

Fewer function parameters calibration fit

jet finder

discard
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Truth Jet Matching o

U of Arizona

Simulated particle jets

Establish “true” energy reference to constrain calibration function fits for
calorimeter jets

Attempt to reconstruct true jet energy
Need matching definition

AR =
Geometrical distance

2 2
\/(nparticle,jet o nrec,jet) + (goparticle jet o ¢rec jet)
Isolation and unique 1-to-1 jet matching

|
truth jet isolation '
L

lorimeter jet i i _ _
L calorimeter jet isolation L________% full isolation
| _\_\_\_\_‘_‘—‘- \ \
|\ Possible in e.g. Anti-kT! | \ \
|
AR < Rmatch |
l

| \
AR < RmathosmbIe in e.g. Anti-kT! \ AR < Riateh

calorimeter jet ’l calorimeter jets .~ calorimeter jet
particle jets particle jet

particle jet

Match?  YES (ONOQD

Match?  YES (ONOQ)

Match?  YES QNO()
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Select matched jet pair

. . . %DABSE—
Typically small matching radius % 086k
’?mat?h = 02 - 03 . (;z: ﬁ% ﬁ; #
Restrict jet directions to regions o8k # E‘y’iﬁt Y {%
with good calorimeter response 0;?8% % {
No excessive dead material ﬂ;ﬁ_ # i i !’!' f
_E ¥ -
Away from cracks and complex 072 v Y v {P
transition geometries 0-7¢" h}{ g
0.68:—
0661, 1yl L | | | nlls
-4 -3 -2 1 0 1 2 3 4

@ Example of calorimeter regions to be et
considered for jet calibration fits in ATLAS
(tinted green). The red tinted regions indicate
calorimeter cracks and transitions. The points
show the simulated jet response on electro-
magnetic energy scale, as function of the jet
pseudorapidity.

(figure for illustration purposes only!)

nepr=-p
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Select matched jet pair E e e =Wear( Prctr++ ) Eo con
Typically small matching radius
R ...n=02-03 r for p, T
Restrict jet directions to regions  w_,(po..,,...)
with good calorimeter response ™ for p ¥

No excessive dead material
Away from cracks and complex
transition geometries

Calibration functions
Cell signal weighting

Large weights for low density
signals

Small weights for high density

signals 2.0 :-_&f’_GeV Ee T @ B,

Typical boundary conditions:
max(w_,(0.---))=1.5-3.0
(avoid boosting noise!)
min(w_,(0.,--.)) =1.0

(avoid suppressing em response!)

W(ES, E?)

LRLLBL R RLLLLLUI B L L0 B ALl B AL ALRLELLL S B L N L B L S AL S

- N m.
A -
I 205 GeV ]
1.0 -+ -
1 Q«féooc’-\oo ]
05 e e IFH m 4]
: T P :
[ ci
0.0 EETTTYT BRI BECIETTIT | M RTTTTY I T M T AT IR M Ea e BT M B
107 107 107! 10° 10! 107 107 107% 107t 100 10! 102
E{ [GeV] E? |GeV’

Example: cell signal weights YV, parameterized as function

of the cell energy E] and the cluster energy E;
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Select matched jet pair

Typically small matching radius
R _..=02-03

Restrict jet directions to regions

with good calorimeter response
No excessive dead material
Away from cracks and complex
transition geometries

Calibration functions
Cell signal weighting

Large weights for low density
signals

Small weights for high density
signals

Erec,cell - chll (pcell ’e ) ) EO,ceII

for )
/| IOceII

Ce”(l Ce”‘ )
\ |

Typical boundary conditions:
max(w_,(0.---))=1.5-3.0
(avoid boosting noise!)
min(w_,(0.,--.)) =1.0

(avoid suppressing em response!)

Example for non-algebraic functional form:
(similar in ATLAS)

log(p); <log(p..) <log(p)..,

WceII (pcell 'ERcell) - a)’j for {SR eR
cell J

R __is aregion descriptor for a given cell,

cell

like SRcell = {Mcell'SceII} @

calorimeter module id,
sampling id

npr-»
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Select matched jet pair

Typically small matching radius
R ...=0.2-03

Restrict jet directions to regions
with good calorimeter response

No excessive dead material

Away from cracks and complex
transition geometries

Calibration functions
Cell signal weighting

Large weights for low density
signals

Small weights for high density
signals

Sampling layer signal weighting
Weights determined by

longitudinal energy sharing in
calorimeter jet

Functions can be complex
Often highly non-linear systems

P. Loch
U of Arizona
May 05, 2010

rec,S WsEo,s =Ws- Z EO,ceII

cellsin
sampling S

Possible parameterizations:

Z EO,ceII

jet cellsin
EMC

w.=w(f,..), wWith =
S S fEMC fl.EMC Z EO'Ce”

all jet cells

Example for non-algebraic functional form:

WS (f;EMC) = a)S,i for FEMC,i < fEMC < FEMC,H—l
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Fitting Reconstructed jet energy with cell calibration:
Erec je = ch (pce ’iRce )E ce
Possible constraints ”t cegn“jet el o
Resolution optimization Fit {‘Ou} such that...
. . . 2
Slgnal llnearlty }(2 _ Z (Erec,jet_EparticIe,jet) :min
Combination of both T:tt;gll?f O-rzec,jet + Usarticle,jet
Regularization of calibration Reconstructed jet energy with sampling calibration:
functions Erecier = D, Ws(fiwe) -Eos
Sinjet

Try to linearize function ansatz Fit {60,,5} using the same y° test function!

Use polynomials Note that g2 ~E~L |

rec,jet rec,jet *

Can reduce fits to solving system
of linear equations

Non-linear function fitting

Use numerical approaches to
find (local) minimum for multi-
dimensional test functions (e.g.,
software like MINUIT etc.)
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Attempted de-convolution of signal contributions
Normalization choice convolutes various jet response features
E.g., cell weights correct for dead material and magnetic field induced energy losses, etc.
Limited de-convolution

Fit corrections for energy losses in material between calorimeter modules with different functional form
Separation in terms, but still a correlated parameter fit

Reconstructed jet energy with cell calibration:
Erec,jet - Z chII (pcell ’ iRceII) ’ EO,ceII + EDM,jet

cellsin jet

Use y? test function such that...

2
2 z (Erec,jet o Eparticle,jet )
X = 5 o’
matching rec,jet particle,jet
jet pairs

Z Wce/l (pcel/ ’ ERce/l ) ’ EO,cel/ +a .\/EO,S:before ’ EO,S:behind o Eparticle,jet

Z cells in jet S _»‘P
o 2 2 % s
matching Grec,jet + Gparticle,jet s

jet pairs

=min
with empirically motivated ansatz for £, ., for dead material between

sampling layers S =before and S =behind, in a combined fit of ({ch”},a)
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Attempted de-convolution of signal contributions

Normalization choice convolutes various jet response features
E.g., cell weights correct for dead material and magnetic field induced energy losses, etc.
Limited de-convolution

Fit corrections for energy losses in material between calorimeter modules with different functional form
Separation in terms, but still a correlated parameter fit

Reconstructed jet energy with cell calibration:

Erec,jet = Z chll(pcell'iRcell) ’ EO,ceII + EDM,jet R%lm'y%'y. Iow .level of
celism jet factorization in this particular
Use y° test function such that... approach with correlated (by
2 combined fit) parameters!
2 (Erec,jet _Eparticle,jet)
X = Z 2 2
Teattg;iirr]sg O-rec,jet Gparticle,jet

(|: Z ch” ('Oce” ! 9%CE// ) ’ EO,CeII Ta .\/EO,S:before ’
2

2
EO,S:behind o Epa rticle,jet
cells in jet ‘%Q?

A
= L
2 2 L
matching Grec,jet + Gparticle,jet s
jet pairs
=min

with empirically motivated ansatz for £, ., for dead material between

sampling layers S =before and S =behind, in a combined fit of ({ch”},a)
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Plots for this session

Most if not all plots shown in this session are meant as examples and for
illustration purposes

Educational showcases to highlight certain features of energy scales and
calorimeter response

They do not represent the up-to-date estimates for ATLAS jet
reconstruction performance

In general much better than the (old) results shown here!

Not many new plots can be shown in public yet!
The performance plots shown are published

Reflection of state-of-art at a given moment in time

No experimental collision data available at that time!
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Experiment and simulation
Calorimeter towers Mg
2-dim signal objects from all cells or only
cells surviving noise suppression Mg
(topological towers in ATLAS) Y
Calorimeter clusters ~ towers >
3-dim signal objects with implied noise
suppression (topological clusters in ATLAS) N
Tracks ~_ .
Reconstructed inner detector tracks — only T8 o |
charged particles with pT > pTy;, cchoig = 500 | \
MeV — 1 GeV (typically) | e
Simulation only e ~L__
Generated stable particles ] 4\ N
Typically T, > 10 ps to be a signal source W
A
~ tracks

S

/7 particles
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m (GeV)

>
Q
Cone Reone = 0.7 v 10°

calorimeter response
showering 4 electronic noise
dead material energy losses & leakage
noise cancellation with towers

calorimeter response
showering & electronic noise ]
dead material energy losses & leakage 1.
cluster bias & noise suppression -

10—
3

P. Loch
U of Arizona
May 05, 2010

Ellis, J. Huston, K. Hatakeyama, P. Loch, M. Toennesmann, Prog.Part.Nucl.Phys.60:484-551,2008
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Calorimeter jet response

Electromagnetic energy scale Unbiased and noise-suppressed towers:

Available for all signal Z E, Z E_ ..
definitions - Otower i Partice
E towers in part[cles in
No attempt to compensate or O,jet | Jet < Jet
correct signal for limited B - Z — Z —
calorimeter acceptance 0,jet pO,tOWGr pparticle
towers in particles in
jet jet
reconstructed\cfalorimeter jet matched Karticle jet

(truth reference)

Topological cell clusters:

: : EO,cIuster : : Eparticle
E clustersin particles in
0,jet jet jet
- = —_ < —_
pO,jet Z pO,cIuster Z pparticle
clustersin particles in
jet jet
o J/ o v
' '
reconstructed calorimeter jet matched particle jet

(truth reference)

Note at any scale:

\ \ A _ 2 —2

f% E mjet T \/ Ejet _ pjet > 0 fOf' Ntowers ’Nclusters > 1
A
S)
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Calorimeter jet response

Electromagnetic energy scale

Available for all signal
definitions

No attempt to compensate or
correct signal for limited
calorimeter acceptance

Global hadronic energy scale

All signal definitions, but
specific calibrations for each
definition

Calibrations normalized to
reconstruct full true jet energy
in “golden regions” of
calorimeter

P. Loch
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Cell based calibration for all calorimeter

signals and jets in "golden spot":

reconstructed calorimeter jet
.

Z W(Iocell ’ ERceII) ’ EO,ceII + EDM
E cejI(Iastln

rec,jet

r

—

prec,jet Z W(pcell ’ 9%cell ) ’ 50,ce|l + EDI\/I - 1

cellsin ‘poljet
jet

Z Eparticle

particles in
jet

Z pparticle

particles in
jet
. J/
Vo
matched particle jet
(truth reference)

(cells are extracted from unbiased or noise suppressed

towers or topological clusters forming the jet)
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Calorimeter jet response

Electromagnetic energy scale Locally calibrated clusters only:

Available for all signal Z E o Z E .
def|n|t|0ns rec,ciuster particie
clusters in particles in
No attempt to compensate or Erec,jet o jet < jet
correct signal for limited B - Z — - Z -
calorimeter acceptance rec,jet Prec cluster Pparticle
. towers in particles in
Global hadronic energy scale et et
All Sl.gpal d.eflmt.lons’ but reconstructed\cfalorimeterjet matched E)farticlejet
specific calibrations for each (truth reference)

definition
Calibrations normalized to
reconstruct full true jet energy

in “golden regions” of
calorimeter

Local hadronic energy scale
Topological clusters only

No jet context — calibration
insufficient to recover
calorimeter acceptance
limitations — no corrections for
total loss in dead material and
magnetic field charged
particles losses)
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Final Jet Energy Scale (JES)
Final jet calibration
All corrections applied
Best estimate of true (particle) jet energy
Flat response as function of pT
Uniform response across whole calorimeter
Relative energy resolution
Depends on the calorimeter jet response — calibration applies compensation corrections
Resolution improvements by including jet signal features

Requires corrections sensitive to measurable jet variables

Can use signals from other detectors

Determination with simulations

Measure residual deviations of the calorimeter jet response from truth jet energy

Derive corrections from the calorimeter response at a given scale as function of pT (linearity)
and pseudorapidity (uniformity) for all particle jets

Use numerical inversion to parameterize corrections

Conversion from truth variable dependence of response to reconstructed variable response
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From simulations

Compare calorimeter response with particle
jet energy as function of the particle jet
energy

All jets, all regions, full kinematic coverage
Residual deviation from linearity

Depend on calorimeter energy scale -
large for electromagnetic energy scale and
local calibration due to missing jet level
corrections

Small for global calibration due to jet
energy normalization

Corrections can be extracted from residuals

A bit tricky — need to use numerical
inversion (see later)

ATLAS plots from arXiv:0901.0512 [hep-ex]

From experiment
Validate and extract calibrations from
collision data

W boson mass in hadronic decay is jet
energy scale reference

pT balance of electromagnetic signal (Z
boson, photon) and jet

Note change of reference scale

A In-situ channels provide interaction
S E (parton) level truth reference!
A
S

P. Loch
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= 12_ T T T T 1T T T T L B B T ]
= - ATLAS 7
D ol +  ConeAR=0.7 0.00<n<0.50 I
i C 7
‘W L o ConeAR=0.7 1.50<n<2.00 3

1 055 3 tower jet closure test for calibrated 3

E calorimeter response ]

1__ 1

0.95 A

C . “ L n

0ol Global Calibration A 3

0.85: L L L L Ll 1 | L L L L L L Ll | L I:
102 10°

ETrUth [GeV]

§1 -05_ T T T T T T T | T T T T LI | T ]

W | ATLAS Local Callbratlon .

1 | ]

- cluster jet closure + .

005 test b, #@2‘-‘? =

- k)T :?: :

— L —

09~ HA + - + =

0.85F % ++ : =

- + ® C7LC/MCJets0.2< nl<0.4 ]

0.8+ O C7LC/MCJets2< Inl<2.2 .

- + A C7LC/MC Jets 37 < In<3.9 .

3
1o 107 L (GeV)
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g Simulations Global Calibration
Q. £ B L B L L L R LA ML AL B
Q : 2 e  AR=07, 30 <E_<40GeV .
< Compare calorimeter response Wb S AR-07 480<E <640 Gev %#\ E
N i i i 2 u 2 AR=04, 30 <E_<40 GeV t 3
§ with particle jet energy as W o b Reod 150 <Er£r<a4o oy : ]
- function of the jet direction - . } .
S Tgoedg.,  eeed® o g E
) All jets in full kinematic range i TP T SR .
2 : : .. 0gsE T, & eow =
x Residual non-uniformities - @# .
© C . 3
£ expected in cracks 0'9; o == -
= Only jets in “golden regions” 0855 = R
©
a
(%)
< L
| =
= ;
Di-jet pT balance ur
Balance pT of well calibrated jet 0.95
in “golden region” with jet in 0.9

other calorimeter regions
0.85

Can also use photon pT balance

C7 LC/MG Jets 39 < E < 48 [GeV]

- {‘yi: . ' .
Wlth jets Outside Of ”golden 0.8% ++++ + El C7 LG/MG Jets 88 < E < 107 [GeV] _:
A

C7 LG/MC Jets 488 < E < 587 [GeV]

region” 0750 ittt D O7LOMO ets 1020<E < 1226 GeV] ]
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Simulations

ATLAS plots from arXiv:0901.0512 [hep-ex]

Measure fluctuations of
calorimeter jet energy as
function of truth jet energy

All jets in full kinematic range
and in various regions of
pseudo-rapidity

From experiment

Di-jet final states

Measure relative fluctuations
of jet energies in back-to-back
(pT) balanced di-jets

Relative Jet Energy Resolution

P. Loch
U of Arizona
May 05, 2010

Global Calibration

+ I

T T T T T T T T
e . -

0.00<n<0.50 : a=0.65 b=0.03 c=4.89

o 1.50<1<2.00 : a=1.03 b=0.02 c=8.30

&:‘ ??
.:.._‘

g e e
L L | L

nepr-p»

10° I - 10°
. . Truth
Local Calibration E  [GeV]

g,

® C7LC/MCJets0< nl<05

O C7LC/MCJets15< q/<25

- B
- g

¢ [
npr-»
IIIII|

ATLAS
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Golden rule of calorimetric energy measurement
The fully calibrated calorimeter signal is most probably the true jet (or particle)
energy

Interpretation holds only for symmetrically distributed fluctuations — mean value is
identical to average value

The resolution of the measurement is given by the characteristics of the signal
fluctuations

Can only be strictly and correctly understood in case of Gaussian response distributions

We need a normally distributed response!

Problem for all calibration techniques
Residual deviations from expected jet reconstruction performance must be measure
as function of true quantities
Only then is the fluctuation of the response R = E, . /E,,,. really Gaussian after calibration
But need to apply corrections to measured jets
Need parameterization as function of reconstructed quantities

Simple re-binning does not maintain the Gaussian characteristics of the fluctuations — hard
to control error!

Use numerical inversion to transfer the calibrations from true to measured
parameters

Maintains Gaussian character
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Toy model
Generate flat jet energy
spectrum

Uniform energy distribution
for E;y in [E i E

Smear true jet energy with
Gaussian

max]

Assume perfect average
calibration

Width of distribution follows
calorimetric energy resolution
function

Calculate the response
In bins of E,, .
E =E

smear

and in bins of
Repeat exercise with steeply
falling energy spectrum

Understanding Response Fluctuations

P. Loch
U of Arizona
May 05, 2010

Calibrated response:

<Esmear> - <Ereco> - <Etrue>
Calorimeter resolution function (no noise):

2

o a
E - +c?
E Etrue
Smeared energy:
Esmear - Etrue +re O-E

r is a random number following the Gaussian PDF:

(r)= 1 o [—lrz}
g \/Z P 5

i.e. distributed around 0 with a width of 1

Response fluctuations:

smear

R=

“Fue ith (R)=0

true
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p(Etrue) =const p(Etrue) oC Et_rie D binned in E

3000 9000 - true
E 8000 Response Esmear < 12.5 GeV D bl n ned In Esmear
2500 — Response Esmear < 12.5 GeV F
C 7000
2000— soooi—
. soon?
150" oot Lower edge of E spectrum
1000 — 3000/
E 2000
500 E
. 1000~
ot L [ = [ ! ol
2 15 1 1 15 2 15 1 1 15
6000 2500
- Response Esmear [17.5,22.5] GeV L Response Esmear [17.5,22.5] GeV
5000— B
E 2000—
4000 F
- 1500~
3000} - Center of E spectrum
- 1000
2000 C
1000 S0
:‘ |- i :‘ P l L el
L I — R - — T 15
4000 500
3500 Response Esmear > 27.5 GeV 450? Response Esmear > 27.5 GeV
F 400F
3000 — E
E 350
2500 300]-
000" 250 High end of E spectrum
1500 2006
E 150/
\ \WAY 1000 E
f’% v sooz— e
7 L E 50F-
N A ot | | Lo [| . ! | ! ok | ! | Lo ! | I
YAV 2 15 1 05 0 05 1 15 2 -2 15 1T 05 0 05 1 15
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p(Etrue) =const p(Etrue) oC Et_rie D binned in E

3000 goon: true

i - < binned in E
2500 Response Esmear < 12.5 GeV :Z::E Response Esmear < 12.5 GeV D smear
2000; 60005

E 50002
e J: Lower edge of E spectrum
1000— 3000

E ZDOOE
500— B

F 1000:

L e 0
6000 —

u @ @
esponse on aussian in
40003—

u bins of true ener‘gy! "
ST N S -

A5 1 45 0 05 T 15 2 3
4000 500
3500 Response Esmear > 27.5 GeV 450}~ Response Esmear > 27.5 GeV
F 4001
3000 — E
E 350
2500— 300
2000} 250 High end of E spectrum
1500 2001~
y E 150
. ) & 100F-
@ v 500/ :
N G B 50F-
LON 0E L1 A F oEs | ! L L ] | I
N g 2 145 4 95 0 05 T 15 S 1 05 0 05 15
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R(Eqe)
1__ Transfer of response function
0l from dependence on true
r variable to dependence on
06l measured variable
0.4:—
0.2:—
ol | | |

-
(=2

=

[--}

0.6

R(Erec) — R(<R(Etrue )> true )

o
=
[llllllll

S
o

°|||||||

<R(Etrue )> true

L ‘ I I 1 111 I | | | 11 1 ‘ | - | I 11 | I 11 | | 11 1
0.2 04 06 0.8 1 1.2 14 16 1.8 2

A
S

o

true true
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Often simple functions

Address residual energy (pT)
and direction dependence of
calorimeter jet response

Determine response
functions R in bins of true
jet pT and reconstructed
pseudo-rapidity #,q jet

Apply numerical inversion to
determine calibration
functions in reconstructed
variable space (pr e jet

77 rec,jet )

Numerical Inversion Functions

P. Loch
U of Arizona
May 05, 2010

_p-1
f(pT,truth,jet ’ nreco,jet ) - R (pT,truth,jet ’ nreco,jet )
Wlth nreco,jet = ntruth,jet and

Etruth,jet ( )
E pT,truth,jet ’ nreco,jet

rec,jet

-1 i
R (pT,truth,jet ’ nreco,jet ) - <

then apply numerical inversion

numerical
inversion _

f(pT,truth,jet ’ nreco,jet ) = f(pT,reco,jet ’ nreco,jet )

1.9

1.8

1.7 ~
16 f(pT,rec,jet ’ nrec,jet )
15
14
1.3

f(pT,truth,jet ’ nrec,jet )

IIII 1 1 Itll]ll L 1 IIIIIII L 1 IIIIIII
10" 1 10 102

pT,rec,jet (Gev) or pT,truth,jet (G eV)

1.2

10°
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Often simple functions

Address residual energy (pT)

and direction dependence of

calorimeter jet response
Determine response
functions R in bins of true

jet pT and reconstructed
pseudo-rapidity #,q jet

Apply numerical inversion to

determine calibration
functions in reconstructed
variable space (pT,rec,jet,
77rec,jet )
Use calibration functions to
get jet energy scale

Technigue can be applied to

locally or globally calibrated
jet response, with likely
different calibration
functions

Numerical Inversion Functions

global calibration:

Ecalib,jet o
pcalib,jet
f(pT,reco,jet ’ 77reco,jet ) ’

local calibration:

Ecalib,jet 7 jet
[_5 - f (pT,reco,jet ’ nreco,jet ) ) =

calib,jet

P. Loch
U of Arizona
May 05, 2010

E

reco,jet
A

Z W(pcell ’ iRceIl) ’ EO,ceII + EDM

cellsin
jet
— pO,jet
Z W(locell ’ ERceII) ' pO,ceII + EDM —
cellsin pO,jet
jet
L
~-
= B - [ 2
preco,jet ’ with pT,reco,jet: preco,jet 1-tanh Ureco,jet

Z Erec,cluster

clustersin

2

towers in
jet

prec,cluster
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Why not use direct relation .
between reconstructed and true recet

40

energy? .

Same simulation data input 30
25

(GeV)

Has been used in some

experiments 20

15

10

\.

|10||||15 |||20||||25||||30||

(GeV)

Etruth,jet
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Why not use direct relation

GeV
between reconstructed and true re:ol_e_t( )
energy? ost- e
Same simulation data input 0 it
Has been used in some 3 JiiiiiinaiTie
experiments 2E ;z;(;f/f e
Dependence on truth energy ::_ R
spectrum 55_/ &
Need to make sure calibration 3 S N 5 T E
sample is uniform in truth GeV
energy truthjet( e )
Alternatively, unfold driving -
truth energy spectrum o cross-section oc £ .. ..
0.6:—
0.4:—
0.2 weight o Eg o,
oL—0 "'1|5""2|o""25' 30
(GeV)

JAY
E truth Jjet
A
S)
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Why not use direct relation
between reconstructed and true Erecj
energy? .

Same simulation data input 30

Has been used in some
experiments

Dependence on truth energy

(GeV)

] \h(E

speCtrum 5 rec Jet truth,jet < [Ei'Ei+1[
Need to make sure calibration ob L v e ]
lei if in truth \ 10 15 25 30
sample is uniform in tru h(E \.E
- e[E.,E. .| (GeV)

truth,jet t ’ 1 t th,jet
energy ru Je_ reije ] 1+ ru Je
Alternatively, unfold driving 0.2
truth energy spectrum 0.18L"

. . . 0.16(— h( ) K- E
Residual non-gaussian behaviour S truth,jet truth,jet 7
of truth energy distribution 012 Eecioe €LELE

Error on reconstructed energy e
hard to understand 2:2:
Could still use response Gl
distribution - same issues as 0.02F
discussed on previous slide! 0 i -3'5' T T

JAY
E truth Jjet (GeV)
A
S)
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Strategy from simulations

Determine all calibrations with fixed conditions
Ideal detector model — everything is aligned
Fixed (best) GEANT4 shower model — from testbeam evaluations
Fixed calorimeter signal definition — e.g., towers
Fixed jet definition — like seeded cone with size 0.7
Fixed final state — QCD di-jets preferred
Study change in performance for changing conditions with ideal calibration
applied
Detector misalignment and changes in material budgets
Different shower GEANT4 model
Different calorimeter signal definitions — e.g., clusters
Different jet definitions — e.g., kT, AntikT, different cone or cone sizes...
Different physics final state — preferably more busy ones like SUSY, ttbar,...

Use observed differences as systematic error estimates

Use of collision data

Compare triggered final states with simulations

Level of comparison represents understanding of measurement — systematic
error (at least for standard final states)

Use in-situ final states to validate calibration
Careful about biases and reference levels (see session 9)
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Calibration functions determined with “perfect” detector description and
one reference jet definition

Validate performance in perfect detector
Signal linearity & resolution
Quality of calibration for a real detector
A priori unknown real detector

Absolute and relative alignments, inactive material distributions
Estimate effect of distorted (real) detector

Implement realistic assumptions for misalignment in simulations

Small variations of inactive material thicknesses and locations

But use “perfect” calibration for reconstruction

Change jet signals
Tower or clusters

E.g, change from reference calorimeter signal
Different jet finder

E.g., use kT instead of cone
Different configuration

E.g., use narrow jets (cone size 0.4) instead of wide jets (0.7)
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Signal Linearity & Resolution
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g Response f'gf
< Linear within +/-1% after calibration applied g
< SgF
= > C
~ for pT 100 GeV 1?‘1&1 Aidd 4 4 a & 3 a3 4
o Clear improvement compared to basic signal E
< scale 0.9
5' C
Q Problems with low pT regime 0.8 .
> ATLAS limit pT>20-40 GeV, depending on o7F &
P . . Sy <
= luminosity A bo<stEcor
= May be resolution bias — under study 061 ATLAS A oo
] * s o
L L3 - L | | L L L L | | | ! ‘I |mE| . . X
~ Resolution 0.5 500 1000 1500 2000
= . . Jet Energy (GeV)
2 Jet energy resolution clearly improved by
. . 0.24F
8] Ca||brat|0n as We” Lub. = < 0.0 < Jet Eta < 0.7
= Slight dependence on calibration strategy 0.25 L "
. 0.180 S A Samp
Close to required performance o168
0.14F"
o 01257,
G 65% o 0.1F i
C—B 3 /J 0.08F *“J, .
EJE x
0.045 i LS SR
ooof. ATLAS —
E | P T R T N N S SN
OD 500 1000 1500 2000

Jet Energy (GeV)
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5 | Estimated effect of a distorted detector

o

()]

=<, 02<|y|<04 20<|y| <22

~ Effect of detector < 47 e ———— 5 S —————

Ln distortion depends on : 3k Se;ded Cone Jets : Seeded Cone Jets

i - s . M 2 F e A

S jet size, calo signal EO R 2

. . . £ = o O Ao g

2 choice, and kinematic & | ;#} M‘f"%% : B

o— . Q I _,% i ] PUER T

E domaln 8 1F - i | Pob b

(1] 2 F 7 Reone = Rcone 0.7 | 04

e 2 2 ¢ Tower N F Tower ’y

e g -3 Cluster| o | a ATLAS MC Cluster| © | a

E fg 4: ' (preliminary) '

ke T 3L kp Jets i kr Jets

o 2 7 -

(7)) 'g 2F -

é X qF {.}(;7’@", . - :

< A j_? 0: : _ti R T TS L Lkt B i*‘;#_* = - T R

' 4 i - :*‘ R R A ER N
- 1§ it R 0604 || & R 0.6]0.4
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3 r s Cluster| o | & [ Cluster| o | a
r . — |[ P
4 ; R P P b
100 1000 100 1000

Truth jet transverse momentum (GeV/c)

5 (Erec,jet /Etruth,jet )distorted
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A
fﬁl—«, ki
\1.:w: %
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% | Larger fluctuations for kT jetsat 5 20 ¢ T
- < 18 E ATLAS MC _
o | low pT S . : ey P
= Vacuum effect for tower jets? Q = Ol g O @E
o _ v 14F . & -
0 Less pronounced for cluster jets 12 E -
) = e =
=, Noise suppression important in - - ) e
o 10 - AT
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[ . C I s
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ATLAS plots from arXiv:0901.0512 [hep-ex]

0.95

0.9

0.85

EHECG_;"ETrUth
o

1.05

0.95

0.9

0.85

e 0.00<1<0.50
o 1.00<n<1.50
s 2.50<1<3.00

T4
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g +
L = = EF _
. o —_
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102 10°
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Different Final States: Quark Jets

P. Loch
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Factorized calibration allows use of collision data
CMS sequence applies factorized scheme with required and optional corrections
Required corrections can initially be extracted from collision data

Average signal offset from pile-up and UE can be extracted from minimum bias triggers

Relative direction dependence of response can be corrected from di-jet pT balance

The absolute pT scale correction can be derived from prompt photon production
Optional corrections refine jet calibration

Use jet by jet calorimeter or track observables to reduce fluctuations

Includes energy fractions in EMC, track pT fractions, underlying event corrections using
jet areas, flavor dependencies and others...

May need very good simulations!

Required Corrections Optional Corrections
—
Correct Calolets to have same pT correcctions back to
as Genlet on average parton level quantities
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optional

Phi
inter-calibration

/

Data-based
layer weighting

data driven

Monte Carlo
layer weighting

MC

Offset:
noise, out-of-time
pileup, in-time
pileup

¥

~ ™
Absolute Energy
Scale

¥

Relative Eta
correction

JetVertexFraction
correction

) A
T Track-based Jet properties
; 5 %& corrections corrections
Nl g
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PileUp subtraction

Goal:

Correct in-time and residual out-of-time pile-up
contribution to a jet on average

Tools:
Zero bias (random) events, minimum bias events

Measurement:
Et density in An Ag bins as function of
# vertices
TopoCluster feature (size, average
energy as function of depth) changes
as function of # vertices

Remarks:

Uses expectations from the average Et flow for a given

instantaneous luminosity

Instantaneous luminosity is measured by the #
vertices in the event

Requires measure of jet size (AntiKt advantage)
Concerns:
Stable and safe determination of average

P. Loch
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L B e B A o B
e - Zero Bias Data {0.7 cone jets)

Ds (Gev/tn/by)

___.

e

Fo4H
|

=
—

Determination of the Absolute Jet Energy
Scale in the DO Calorimeters. NIM A424,

352 (1999)
E1F"U (77' Nvtx )
IOPU(77'£) = pPU(U'Nvtx) = < Afi % A¢
PU j?if]&a
Eoffset,jet - P PU (77 ’ Nvtx ) ) AjetJ

PU
E T,jet

Note that magnitude of correction depends on
calorimeter signal processing & definition —
application easier to see for tower based jets!
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Balancing jet pT with electromagnetic
system

Truth from collision

Based on idea that electromagnetic
particles are well measured

Limits accuracy to precision of photon or
electron signal reconstruction

Provides interaction (parton) level reference

Note that simulation based approaches
use particle level reference

Can use direct photon production

Kinematic reach for jet pT ~200-400 GeV
for 1% precision — depends on center of
mass energy

Relatively large cross-section

Background from QCD di-jets — one jet
fluctuates into n° faking photon

Note specific physics environment

Underlying event different from other final
states

Less radiation in photon/Z hemisphere
Often only good reference for quark jets

Narrow jets in lower radiation
environment

In-Situ Calibration Validation

P. Loch
U of Arizona
May 05, 2010

prompt (direct) photon production:
gq —> yq QCD Compton scattering

(~95% of )

gq — yg annihilation

prompt photon

{leading erder Compton)

prompt photon

{leading order annihilation]

balance photon with (mostly) quark
jet pT to validate or constrain

p T,reco,jet
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Balancing jet pT with electromagnetic
system

Truth from collision

Based on idea that electromagnetic
particles are well measured

Limits accuracy to precision of photon or
electron signal reconstruction

Provides interaction (parton) level reference

Note that simulation based approaches
use particle level reference

Can use direct photon production

Kinematic reach for jet pT ~200-400 GeV
for 1% precision — depends on center of
mass energy

Relatively large cross-section

Background from QCD di-jets — one jet
fluctuates into n° faking photon

Can also use Z+jet(s)

Cross-section suppressed, but less
background — two electron final state
cleaner

Can also use two muon final state
Note specific physics environment

Underlying event different from other final
states

Less radiation in photon/Z hemisphere
Often only good reference for quark jets

Narrow jets in lower radiation
environment

P. Loch

In-Situ Calibration Validation U of Arizona

May 05, 2010

Z-boson + jet production:

+i

e’

Z boson

{leading order)

balance Z pT reconstructed from
decay leptons with quark jet pT to

validate or constrain P reco jet
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Absolute response ratio test variable (x =y, 2):

Goal: .
Correct for energy (pT) f bsolute(gprobe): 1+ Prrecojer ~ P
dependent jet response [

TOOIS . variation of jet response

with photon/Z p;

Direct photons, Z+jet(s),... with

Measurement: ;
pT balance of well calibrated
system (photon, Z) against jet in ’ .y P, T Prrecojjet
central region T.probe 2

Remarks: E'=p; coshr.... expected jetenergy

Usually uses central reference
and central jets (region of flat

[ reference pT

average pT

(relate to reconstructed jet variables with numerical inversion)

reponse) relative projection along reference pT:
ConcemS: R _ pT,reco,jet COS<):(pT,reco,jet'l:)T,K) _ pT,reco,jet ’ pT,K
Limit in precision and estimates  p; P pil,(

for systematics w/o well D
understood simulations not clear correction from ——+1=0 for well calibrated jets:

Needs corrections to undo out- Pr.
of-cone etc. to compare to p
particle level calibrations Javsotute (G prope) = 7;"(

[
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Missing Transverse Energy Projections
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Missing Transverse Energy Projection Fraction

method (MPF)

Uses pT balance in photon+jet events to
determine jet response

Technically on any jet response scale, but most
useful if jet signal is corrected for e/h and other

(local) detector effects

Based on projection of event missing transverse

energy (MET) on photon pT direction
MET mostly generated by jet response

Least sensitive to underlying event and pile-up due

to randomization in azimuth
Allows to validate the jet energy response
Reference can be energy instead of pT
Basis of absolute jet energy scale in DZero
Also under study for LHC

Considerations

Perfect balance at parton level perturbed at
particle level

Parton showering and hadronization, including
initial and final state radiation (ISR & FSR)

Can be suppressed by selecting back-to-back
photon-jet topologies
Imperfect calorimeter response generates
missing transverse energy
Handle for calibration

p. balance in prompt photon production: g ?)I“
— _ - - A
Pz, t Prjet :ET,;/ + Prjer = 0= ET,;/ +ET,jet ~0 a

VT

~
parton level parton level particle level

with calorimeter response and projection on £, :

—

)E _ _E’miss

Tjet — T

ek, +j(E

jet

. - ~ ~ ~miss
= E + J(E)Erje -, =—n, -E;

calculate E™ from all calorimeter signals excluding
the photon signal:

Cmiss _ ¢ C

ET - _ET,;/ o Z ET,can

all calo signals
not from y

Z ET,can ) n;/ Z ET,can ) ny

all calo signals 1 all calo signals

. __ notfromy __ notfromy
Tiet 1y Ty

suppress biases by measuring response as function of
E'=E, coshn,, yielding empirically:

E' E'
J(E')=b, +b1In—+b2In2—

scale scale

use numerical inversion for E > E'

rec,jet
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Missing Transverse Energy Projection Fraction ATLAS Simulations
method (MPF) 2 082 . ‘ e ‘
Uses pT balance in photon+jet events to s t.)a ATL-PHYS-PUB-2009-015 (2009)
determine jet response i '
0.78

Technically on any jet response scale, but most
useful if jet signal is corrected for e/h and other 0.76
(local) detector effects

0.74
Based on projection of event missing transverse

energy (MET) on photon pT direction
MET mostly generated by jet response

0.72
0.7

npr-»

]
s
i\\m\m\m\mlwﬁliﬁ%mhul_

Least sensitive to underlying event and pile-up due 0'68;
to randomization in azimuth 0.66 | | | | |
Allows to validate the jet energy response 100 200 300 400 EOO(GGV)
Reference can be energy instead of pT a
Basis of absolute jet energy scale in DZero E’' E’'
. 2
(E')=b, +b, In——+b, In? ——
Also under study for LHC J — M 1 2
Considerations scale scale
Perfect balance at parton level perturbed at
particle level

Parton showering and hadronization, including
initial and final state radiation (ISR & FSR)

Can be suppressed by selecting back-to-back
photon-jet topologies
Imperfect calorimeter response generates
missing transverse energy
Handle for calibration
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Photon.'.jet(s) :;memk_!t;:: | Pt of quark vs pt of the generaled gamma |
Well measured electromagnetic system e e | ATIAC
balances jet response o o
Central value theoretical uncertainty ~2% Ll
limits precision g " cut |
Due to photon isolation requirements ;:;593—
Spr— = =
But very good final state for evaluating 2 L2
calibrations N

Tr
]
=
T

Can test different correction levels in
factorized calibrations

Lk Eelate s el Eideid it 11 [P
30 40/ 50 &0 70 BO 90 100
Partan Pt (MeV)

|L average pT cut (pTy+pTparton)/2 ]

nepr=i»
-
=
g
-
[ =]

E.g., local hadronic calibration in ATLAS

Limited pT reach for 1-2% precision

?:T'_ O.04__I T T | LI | LI | LI | LI | L | TTT | __

25->300 GeV within 100 pb 5 .0 ATLAS E

o - - B

OF4, : { ]

L thdg A+ | — ——

0,02, rerg AT N —p— I E

o -@—H- ]

¥ ]

-0.04 & .

. .

-0.061 —e— Default y selection

> -0.08F —=— Tight y selection ]

: avel - —— Truth .

ffﬁ \ A A '0.1_|| vl b b b b b by 1
CQ ' > 0 100 200 300 400 500 600 700 800

A A p! (GeV)

Nl g CERN-OPEN-2008-020 T
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Photon+jet(s) i
; [ Z->ee+ljetincl. o Z-»ee+bkg
Well measured electromagnetic system (L Conea7jets  +*, 1 och
balances jet response = 200 pb-1 . [ Top
- o * (I
Central value theoretical uncertainty ~2% i o . W - ev
limits precision “’zg_ MW%
Due to photon isolation requirements mlmﬁ_m

But very good final state for evaluating

£s
;

calibrations i
. . - "(/ T
Can test different correction levels in @k 1 ATLAS - -
: : : S 50 60 70 80 90 100 110 120 130 140 150
factorized calibrations M(e,e) (GeV)
E.g., local hadronic calibration in ATLAS
. . . N 0.04
Limited pT reach for 1-2% precision 0025
- F
25->300 GeV within 100 pb-1 S o — i
02— i i
Z+jet(s) Fooat ¥
a=0.04[
Similar idea, but less initial statistics j'ggi + o reco,PT)
081 500 pb-1
Smaller reach but less background 0.2_;; Cone07 jets —
_0.14; Alpgen+Herwig P ——
A >AA C
%g[ =0.16" AT/ AS
A A-0.18__IIIIIIII|IIII|IIII|IIII|IIII|IIII|IIIIII
f"«ov T s 50 100 150 200 250 300 350 400
N5 R P, Z (GeV)
n & CERN-OPEN-2008-020
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In-situ calibration validation handle J/
Precise reference in ttbar events
b

Hadronically decaying W-bosons

Jet calibrations should reproduce W-
mass

Note color singlet source

No color connection to rest of

collision — different underlying event CERN-OPEN-2008-020 | .,

as QCD arXiv:0901.0512 [hep-ex]

Also only light quark jet reference oo ATLAS A :]]m] |
Expected to be sensitive to jet sooof. 1107 155 P st
algorithms 500

Nepr=>»

Narrow jets perform better — as
expected

1000

--------
.

500

llllJlJllJlJllJlJJlJllllJJ

Tlll[l[ll[]ll[[ll]][lll[[ll

’.o.“w o
T PR R 0 SN T I T '
00 20 40 60 80 100 120 140 160 180 200

Simulated di-jet invariant mass (M, ...)

spectrum for kT jets with R =0.4 (narrow jets)

in tt final states at \/;:14 TeV
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JES From W Mass Reconstruction
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W boson mass from two jets

Clean event sample can be
accumulated quickly

Original studies for center of

invariant mass from decay jets:

W reco \/ZEJet 1™ jet, 2

bias from angular mismeasurement:

1 cosd.

jetl,jet2 )

mass energy of 14 TeV and 1050, 101 partons
luminosity of 1033 cm2s! K(cos0,y; ien) = - pa;” parton? ~1
. cos
~130 clean events/day in jetljet2
ttbar is small
Angular and_energy scale . K(COSQetl et2) arXiv:0901.0512 [hep-ex]
component in reconstruction 1 A
Energy scale dominant 1.08F- ATLAS ST
1.06 A
- S .
1.04:— E
1.02F =
- - -
0.98F =
0.96]— =
0.94F =
0.92 =
09:...1.,.1...|.,.J...|.,.J...|...J...|...:
~{ 0.8 -06 -04 -02 -0 02 04 06 08 1

Cos gjetljetZ
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W boson mass from two jets invariant mass from decay jets:

Clean event sample can be \/ZE 1 o) )
accumulated quickly M eco tEpne jett jet2
Original studies for center of  bias from angular mismeasurement:

mass energy of 14 TeV and 1—-C0S 0, 1ot oarton>
luminosity of 1033 cm2s™! Kl(cosO, ;i) = - ° ) parton? ~1
. cos
~130 clean events/day in jetLjet2
ttbar is small — major contribution from energy scale:
Angular and energy scale M, oo
component in reconstruction
Energy scale dominant = \/ 2K (E gy )E ey 1K )E o JK(COS Oy ) (1 COS Oy o)
K arXiv:0901.0512 [hep-ex] ~ \/ZK(E e E e K(E e )E e, (1 €080, 01 )
L L B B B B B B LR RLLE
1'08__ATLAS —; :\/K(Ejet,l)K(Ejet,Z) 'MW,reco
:Ei: E simple rescaling method assuming energy independent
1.025 %Wm scale shift — «(E,,,)=x(E,,)=x works reasonably well
1= ° =
0.982— E
0.96 ) =
0.94F L3
0.92F- —
0.9 ~""56 700 150 200 250 300 350 400
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W mass from templates JES scale « relative to perfect jet response;
Produce W mass distribution resolution parameter /3 relative to nominal jet energy
templates _
Use parton or particle level resolution;
simulations find best matching template distribution 7_,(M,,)
Smear with JES and resolution .
variations for reconstructed distribution R(M,,):

Store W mass distributions as ) 2 2 2 .
function of smearing parameters 4 _J‘(%ﬂ(MW)_R(MW)) /(Ufaﬁ(/ww) +GR(MW))dMW =min

Find response and resolution stability of fit tested by subdividing total sample into 16
smearing parameters

Find best fit template "measurements" (770 pb™* —>16x48 pb™*):

7,,My), R(M,) arXiv:0901.0512 [hep-ex] a arXiv:0901.0512 [hep-ex]
""I'"'I""I""I""I""I""I"": | ] T I T T T || T

40000 ===== Templatec = 1., f=1. E"": “-E---: ATLAS _E : ATLAS :

35000 — gest it o =096F=133 :---1 | | _+_ i _; 0‘98__ + ]

30000 3 - # + -

e E 0.96 __+ ..................... { ..............................................................................................

25000 : = [, 2N TS - — | I A I ____________________ ]

20000 . — 0'94:_ + _:

15000 ot = [ . 4 ’

! ] B VA A .

10000 = 0.92— @I -

..... 3 R A ]

5000 = = - -

] 0.9 ]

M I SR

~90 T2 14 16
E..(GeV) Measurement Number

o2
o
(o))
5
~l
o
~J
o
o0
o
ol
U‘_
(o]
o
ol
ol
~f
o
S
=1
no
o
™
o
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Boosted W

pT boost reduces angle between decay jets
Reconstructed mass underestimates true W mass

See example below for W boosted into the ATLAS end-cap calorimeter
region

Pile-up can add energy to the system

Not an improvement of the measurement — accidental and thus
uncorrelated jet energy shifts lead to shift in reconstructed mass

15 P.Loch and P.Savard, in Proc. of the 7t" Conference
MW PDG T C ' ' ' ' ' ' on Calorimetry in High Energy Physics, Tucson,
. 14 B £ o10%em st s S—— Arizona, 1997 530-536, World Scientific (1998)
MW,reco 13 f— i + -------------- SRR N —
1o Bl Ns=14Tev i i el
. - * * & # #
1.1 e 11‘ """"""" P S A-mme s e ity
R e s SO e e e g R - .- - == = .= e e o e
0.9 e SN W —— -: ----- ® NO piIe—up -------- SN S
e e pile-up included ool
0.7 ’ + bl e b oo .
0.6 E— |77W| ~1.8 R i froemmen oo el T -
I5.__15:l\'|||||||||/||||i||||i||||i||||i||||i||||i||||i||||
200 1000 TI00 1200 1300 1400 1500 1600 1700 1800 1800
‘ - E, (GeV)
ffﬁ(\ & ‘% - pT’W |
) & ~290 GeV ~611 GeV
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Di-jet balance Multi-jet balance
Calibrate jet in “golden” reference Validation of very high pT jets
region In-situ calibrations with photons etc. only
Use e.g. photon pT balance reaches 200-300 GeV (pT)
Use this jet as “truth” reference But need to validate very high pT jet scale

e I
Balance pT with jet in more complex asWe

calorimeter region

Note: relative energy resolution of
reference jet can be worse than probe jet -

more forward jet has more energy at same Balance hard jet with several well
pT calibrated lower pT jets (e.g., from

photons)

Bootstrap approach

Find multi-jet events with one hard jet in
non-validated phase-space

Resolution bias needs to be controlled
Look for more harder jets and use scale

A_pply_correctlons to all jets at given corrections from lower pT jets (bootstrap
direction corrections)

Need to understand topology —additional Note that errors evolve from low to high
soft jet contribution oT

Can also be used to measure jet energy
resolution

Need to consider phase space sharing with
possible additional soft jets

Hard to achieve O(1%) precision
Likely need simulation based approach
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Correct direction-dependent jet response

Establish absolute scale in “golden region” of
the detector

Balancing pT of a central (lower energy) jet with
a more forward (higher energy jet)

Avoid biases by compensating reference jet
response first
Determine direction dependent correction
factors
Use pT asymmetry measure for back-to-back jet

Careful — resolution bias due to different jet
energy ranges can still be present!

electromagnetic scale jet response

0.88
0.86
0.84
0.82

Di-jet balance

P. Loch
U of Arizona
May 05, 2010

arXiv:0901.0512 [hep-ex]

T T IIIII]I

¥,

Ne»r->»

:u#jf}f

0.8
D.TS% # }
0.76 L wy
0.74 = ¥ !!!‘!Fw‘ﬂl! ¥ i
0.72 ;— vy ¥ k4
i
0.68 ;— f a
0'66:_1 I I I | I l | I I - I | I I B I I | - L l Lkl Lol I L
-4 -3 -2 -1 1 2 3 4
njet,reco
asymmetry measure:
probe reference probe reference
A . pT,reco - pT,reco _ pT,reco - pT,reco
probe reference average
( T,reco + pT,reco )/2 T,reco
correction factors (use numerical inversion):
2 . A(paverage 77 )
average _ T,reco ?"lprobe probe
C(pT,reco 'nprobe) - = C(pT,feCO 'Uprobe)

average )

2 + A(pT,reco ’ nprobe
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Correct direction-dependent jet response

Establish absolute scale in “golden region” of , ‘ ‘ ‘
jetl jet2 jetl jet2
the detector

asymmetry measure (slightly modified):

. pT,reco o pT,reco . pT,reco o pT,reco
Balancing pT of a central (lower energy) jet with pjetl + pjetZ paverage
a more forward (higher energy jet) T.reco T,reco T,reco
Avoid biases by compensating reference jet p; resolution for jets in same 7 region with similar p,:
response first
Determine direction dependent correction Op, _ \/EO' _O;
factors average AT E
T,reco

Use pT asymmetry measure for back-to-back jet

Careful — resolution bias due to different jet resolution is SymmetriZEd by randomly CompUting

energy ranges can still be present! jetl jet2 jet2 jetl

- .o o pT - pT or pT — pT
Jet energy resolution from di-jet pT balance reco e reco e
Select event topology for each event
Di_jets back_to_back in azimuth g 40 GeV < Jet P < 60 GeV g 300 GeV < Jet pT-c45l] GeV
Same rapidity region g |)ﬂ'/fﬂ’.‘.ﬂ.S o e g [ATLAS ey <12 g;:(
wy T w u [
Similar pT I 3 Ab112) > 2.8 .| X A412) > 28 ;
Use asymmetry measure to calculate jet energy v ' . §
resolution ol s g o
F 10:
Width of the distribution of A i o
3
| l 3
% 04 F 503 04 05 05" R A
Asymmetry Variable Asymmetry Variable
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Correct direction-dependent jet response

determine clean di-jet resolution by linear
Establish absolute scale in “golden region” of

the detector extrapolation of
Balancing pT of a central (lower energy) jet with
. . Pr average
: m?re T‘orward (higher enejrgy jet) ) (pT,reco,jet3 < pT,threshoId 'pT,reco )'
Avoid biases by compensating reference jet ,OT
response first . .

o . typically with >p. . =(7-10)GeV
Determine direction dependent correction ypP y P theshold = Pr,min ( ) !
factors implied by calorimeter jet reconstruction, to

Use pT asymmetry measure for back-to-back jet ~0:
Careful - resolution bias due to different jet Pt recojets =V
energy ranges can still be present! o
. o e I bt average
Jet energy resolution from di-jet pT balance Im (PT,reco )

pT,reco,jet3_)0 pT
Select event topology

Di-jets back-to-back in azimuth fit has some bias problems due to phase space

Same rapidity region average

T,reco

limitations at low p together in the presence

Similar pT
Use asymmetry measure to calculate jet energy  Of P min
resolution

Width of the distribution of A

%" Jetp = 50.9 0.0 < Jotn| <12 %%_07: Jot p,=.349.4 in.o«.sol}mn.:: ﬁ

Understand soft radiation contribution B s I S s | B

= ! ! 0.06 ' .o

pT balance approach (D@) 02| ' L §

Use di-jet energy resolution dependence on third ol 005 ! ' ;

jet pT as scale to unfold radiation contribution ' 008 A iy

' ¢ |

>

0.03} & D)

prOO oos - ATLAS e
N34 0025 g T e T s T 0 s 30 O

Pry Threshold (GeV)
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Correct direction-dependent jet response

Establish absolute scale in “golden region” of
the detector

Balancing pT of a central (lower energy) jet with
a more forward (higher energy jet)

Avoid biases by compensating reference jet
response first

Determine direction dependent correction

factors
Use pT asymmetry measure for back-to-back jet
Careful — resolution bias due to different jet
energy ranges can still be present!

Jet energy resolution from di-jet pT balance

Select event topology

Di-jets back-to-back in azimuth

Same rapidity region

Similar pT
Use asymmetry measure to calculate jet energy
resolution

Width of the distribution of A

Understand soft radiation contribution
pT balance approach (D@)

Use di-jet energy resolution dependence on third
jet pT as scale to unfold radiation contribution

Di-jet balance

P. Loch
U of Arizona
May 05, 2010

resolution correction factor from
average
(pT reco ) IC(pT reco )
M (0, /Prreco ) (Prrec)
pT,reco,jet3_)OO pT/ Toreco Toreco
O-pT /pT,reco (pT,reco,jet3 < 10 GeV'pT,reco)

such that
(o2 (o2
Pr . pr
- ’C(pT,reco) ,jet3 <10 Gev'pT,reco)
pT,reco corrected T,reco

with a parameterization of the p, dependence of the

correction by
,C(pT,reco) =a+ b ' |Og pT,reco

The detailed documentation of this approach,
including a full systematic evaluation and discussion
of the low pT bias using ATLAS simulations, is
available to ATLAS members only in:

E.Hughes, D.Lopez, A.Schwartzman,
ATL-COM-PHYS-2009-408 (2009)



http://cdsweb.cern.ch/record/1194533/files/ATL-COM-PHYS-2009-408.pdf�
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Correct direction-dependent jet response

Establish absolute scale in “golden region” of
the detector

Balancing pT of a central (lower energy) jet with
a more forward (higher energy jet)

Avoid biases by compensating reference jet
response first

Determine direction dependent correction

factors
Use pT asymmetry measure for back-to-back jet
Careful — resolution bias due to different jet
energy ranges can still be present!

Jet energy resolution from di-jet pT balance

Select event topology

Di-jets back-to-back in azimuth

Same rapidity region

Similar pT
Use asymmetry measure to calculate jet energy
resolution

Width of the distribution of A

Understand soft radiation contribution
pT balance approach (D@)

Use di-jet energy resolution dependence on third
jet pT as scale to unfold radiation contribution

kT balance approach (UA2, CDF)

Determination of radiation contribution using
bisector decomposition

Di-jet balance

P. Loch
U of Arizona
May 05, 2010

“i{p Jetl ”6 ,ji_'li}

k. most sensitive to calorimeter resolution effects:

T, W
2 2 2 .
O-l// - O-E,calo + Gradiation,ll' Wlth GE,can > O-radiation,ll

—

k; ,, most sensitive to (gluon) radiation effects:

2 2
017 - Gradiation,J_

(ignoring effects from angular resolution, underlying event, out of cone losses)

assume radiation is random wrt jet directions:

2 2 2
— O =4/0, O,

radiation,|| E,calo %

2
radiation, L

O =0



P. Loch

328 @THE UNIVERSITY Di-jet balance U of Arizona

. OF ARIZONA. May 05, 2010

Correct direction-dependent jet response

average average
Establish absolute scale in “golden region” of note O, (pT,reco )oc \ Prreco 7 and
the detector average

o _~const<o > :
Balancing pT of a central (lower energy) jet with n v (pT'reCO pT'm'”)

a more forward (higher energy jet) as expected!

Avoid biases by compensating reference jet
response first

Determine direction dependent correction
factors

CONEO7 — Ap=28—|n/ <1.2
4 DiJet (SR comection)
kThalance -

Use pT asymmetry measure for back-to-back jet

Careful — resolution bias due to different jet
energy ranges can still be present!

Jet energy resolution from di-jet pT balance

[xa-day] 215S0°T060:AIXIE

Select event topology 0.121— \I """"""""""""""""""""
Di-jets back-to-back in azimuth 0.1 :_ ’I\ ______________________
Same rapidity region =
Similar pT 0.08 :— """"""""" pr
Use asymmetry measure to calculate jet energy 0.06 NG e
resolution U ) A e S R i,
Width of the distribution of A 0.04— o t oo
UnderStand SOft radiation contribUtion 00 :IAITI-i A.ISI i L1l i 111 i L1 11 i L 111 i 111 i 111
' 20 100 200 300 400 500 600 700 800
pT balance approach (D@) Average (pT1+pT2)I2 GeV

Use di-jet energy resolution dependence on third
jet pT as scale to unfold radiation contribution

kT balance approach (UA2, CDF)

Determination of radiation contribution using
bisector decomposition
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Dangerous background for W+n jets

cross-sections etc.

Lowest pT jet of final state can be faked

or misinterpreted as coming from

underlying event or multiple interactions
Extra jets from UE are hard to handle

No real experimental indication of jet
source

Some correlation with hard scattering?
Jet area?
No separate vertex
Jet-by-jet handle for multiple proton
interactions

Match tracks with vertices to calorimeter
jet

Calculate track pT fraction from given
vertex
Classic indicator for multiple interactions
is number of reconstructed vertices in
event
Tevatron with RMS(z_vertex) ~ 30 cm
LHC RMS(z_vertex) ~ 8 cm

If we can attach vertices to reconstructed
jets, we can in principle identify jets not
from hard scattering

Limited to pseudorapidities within 2.5!

Jets Not From Hard Scatter

P. Loch
U of Arizona
May 05, 2010

\ ATLAS MC
1

Yy “‘ T
L ATLAS MC

VF[jet2,vtx1] = f
JVF[jet2,vtx2] = 1-f

B N B o

o
(o)
Q
0
o
o
o
2
w
[a %
Q
=2
o
@)
-3 -0 0 10
Z (cm)
JVF[jet1,vix1] = 1
JVF[jet1,vix2] =0
2 5E T T T T T T o
%_4-5: _:_::r':ll:rp 075 %_4.
=1 g & Jot JIVF] < 0.50 B
E: R
= I
E3,5 N ! ‘;3
& 3 e a = ,
(= | o
S 2.55 - E2.
@ B a
< 2 z
1.5 E 1
1 .
3 —]
0.5 L . E 0
ot I [
1 2 3 4 5 »=6

Reconstructed vertex multiplicity

(c) Di-jet (J6)

E | —e— Alljets

o Jet VP> 0.75
a— el LIVF] < 0.50

[=]

—_——

et —

— 3
L b— — | 1 L | =
1 2 3 4 H >=6

Reconstructed vertex multiplicity

(d) 7, W —jets
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TraijetS ;1D_|"'|"'|"'|"'|"'|"'|"'|"_
. . . 8 - ATLAS 4 Before Correction .
Find jets in reconstructed tracks S F + Afer Correction E
. . '8 co {1 Distribution for n|<1.2 ]
~60% of jet pT, with RMS ~0.3 — 8 [T ]
not a good kinematic estimator s, Jp TR L E
Y] C ——— _
Dedicated 3-dim jet algorithm 5 - ]
Cluster track jets in pseudo- 10E linahi
rapidity, azimuth, and - .
delta(ZVertex) 150 E
Match track and calorimeter jet R o TR R " :
Helps response! @;TA ““
A
S
f _ pT,track
51800 S 10 - ATL_AS MC —————— £ 2000 trk
° Z 1600 L1 035 » 045 . [ (preliminary) o o<p <042 {E1800 £ [ 035 — 045 T calo
S W 1400 £l 10850095 c s v 042<f,<055 B u 1600 ,I | 0.85 —0.95
® 1200 g ““3 _ B055<f<065 | 1400 F
§ 1000 L = N o ::2—:_"*9-——@ - 1 1200 —
5 : [ ‘__q______B____H___,_,.__—e—______ ] 1000
o 800 [ - —¢————— _E%_ — B C
o c T e ] 800
Z 600 - e T e0e5<f,<076 | 600 3
o 400 |- Sr 5076<f,<083 | 4o0F
200 |- I 2 083<f, <104 | ,o0F
. Eo P B A0 L L e e ] S I B L
## =30 20 =10 0 10 20 30 10 100 200 300 400 500 600 =30 -20 -1‘0 0 10 20 30
ki Ap, (GeV) Pr.., (GEV) Ap. (GeV)
55
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Longidtudinal jet energy leakage

Dangerous — can changes jet pT
cross-section shape at high pT
Fake compositeness signal

Correlated with muon
spectrometer hits

Not strong correlation expected
Insufficient for precise JES

Will likely not produce reconstructed
tracks, only

Helps to tag suspicious jets
Suppress suspicious events/jets
Careful — real muon may be inside jet

b decay
Should produce track — cleaner signal
inside jet

Also background for missing
transverse energy!
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Effect of calibration on inclusive jet cross-section
One the first physics results expected from ATLAS & CMS

C.'l3:|"'|"'|"'|"'|"'|"'|: %104‘.0...\.H|....|,H.‘...|.H\[....|.
& __E [Lo Calculations Js=14TeV Q. Vs =14 TeV - GendJetp,
£ 25 — 210
§ E | t QcD&statEm = N . CaloJet p
‘@ 2F | ---- Energy Err. (10%) i 10 u
S S P PDF Err. (CTEQ6.1) s 10 o Corrected CaloJet p_
2 130 | milm A =3 TeV — 1
o - . 4

: -3 10
s ) S - n Jetn|<1
§ - mammmm==T . 10.2 | T] |
S 0.5 = 3
S E i’ | J 3 10 A2,

w0 IV O Y O ) O ] 4 e

08 SEsassnses: 10 e,
- - 10° om0y,
05F= === it oL A I . CMS Preliminary
- - 10 “A“;
1_||1|||r||||||||||r|||||||' |||llllxlll|||||L11J1|||||111Jl‘l“ml'
- 200 400 600 800 1000 1200 1400 0 500 1000 1500 2000 2500 3000 3500
Jetp_(GeV) Jet P, (GeV)

CMS PAS SBM-07-001
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Extras

P. Loch
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Fermilab SSC
CERM i LHCi

J o LHC  Vs=14TeV L=10*cm?s™ o Bl
| | I 1 barn e s — —— 10
- | |
| | - |
_ ' 16
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Jet physics 0.0< | <5.0
High transverse momentum jets %0;_
quickly accessible! $ o8f-
100,000 jets with pT > 1 TeV at 1 EOTE
= 06
fb-1 Tost |- _
Early attempt at inclusive cross- 04E Sl
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Neglecting orders in ME NOET <50

CTEQ6.1 (NLO) - CTEQB.LL (LO)

calculations ;g-. 4:Cone MidPoint R=0.7 ‘
5 220 NLO Wlthil—u F;JTL%X
c C variaton in
K-factor NLO-LO can be > 2F A .- Eb“}NLOthu = =P oy |
. .- 2 18F fzzzzz .y variation in o
significant RP: .
af o
Much smaller effect of scale N . 2
C L . E A% . | 2
1 = : s
variations in NLO : T 2
e g c | : 7 )
PDF uncertainties D i e e 8
X X m
. P, (GeVic) <
Diven by gluon structure | >
- o P;JLO.:ETP@ NLO ;;;;f Uncer. ] < 1.0 I:'
function uncertainties . 22 CTeGel RSO DR -
) ) E . Cone MidPoint R=0.7 == Uncer. 3.0 < |y| <4.0 E
Especially at higher pT : B uncer 40 <pi<s0 ()
-] - ;"F N
Plot shows error PDFs in various I L) S
regions 125 s S
| . >
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QCD swamps trigger and acquisition 10V g
. 210" -
band width S 10 L = 10%lcm2s?
w 10°
Highly prescaled low pT triggers 10
S 10°
Trigger rates follow cross-section for 10°F I
~ 10%E E
pT>~300 GeV 10%E E
Depending on luminosity E ATLAS Level 1 E
. . - Trigger pre-scale =
Need to understand trigger bias 10.1.; 9o | |
effect on cross-section 10 10° E. of leading 1 (GeV)
measurement —_ »
: X -
Low pT problematic due to <100 L gy et neeeses
efficiency and purity issues anyway! ? 90 - ok '
o -
Safe pT>~60-80 GeV u%) .  R=04 |
L - . e R=06
70 T central jets | iras v
60 F
10 100 1000
pT (GeV)
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Fake Jets

Average number of jets in minimum bias events estimates fake jet
reconstruction rate as function of pT threshold

Average number of jets/event

10

10

no pileup!
: Seeded Cone Jets : kr Jets
: Roone = 0.7 Tower : R = 0.6 Tower
~ Roone = 0.7 Cluster | R = 0.6 Cluster
ATLAS MC ATLAS MC

—— Reone = 0.4 Tower
==-=- Reone = 0.4 Cluster

—— R =0.4 Tower
_____ R = 0.4 Cluster

10 15 20 25 30

10 15 20 25 30

p. threshold (GeV)
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From inclusive jet cross-sections s F= =
Q.0 _ —
Measure cross-section in regions of ,g10 — 1<:1<2
. . -3 — I
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Particle flow inside a jet hints to
source

Jet can be a discovery tool by
itself

In particular most interesting for
boosted (new) heavy particle like
Kaluza-Klein excitations

But also interesting for Standard
Model particles like boosted top
quarks

Usefulness depends on the ability
to resolve decay structure
E.g., 2-prong (like W) or 3-prong
(top) decays
Resolution scale given by mass
of particle (or by particle

hypothesis) — to be reflected
with detector capabilities

2 —prong decay inside
reconstructed jet, e.g.
from W —qgq (SM) or
heavy new object like
¢—>ggorZ'—qq
(BSM)

P. Loch
U of Arizona
May 05, 2010

3—prong decay inside

reconstructed jet, e.g.
from t — qggb (SM) or
heavy new object like
é, —>QQb+ X or

t"— qqgb (BSM)
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Observables and tools

Single jet mass

Mass generated by four-
momentum recombination
should reflect heavy source

Scales proportional to pT for
light quark or gluon jet

P. Loch
U of Arizona
May 05, 2010

Jet Mass

( Ejet ] )
ﬁjet

Z Econstituent

constituents E2 2

—

— = mjet - jet - pjet
Z pconstituent
constituents
mass of gluon/light quark jets:
LO  1-—parton jets have vanishing mass
NLO 2-—parton configurations at given p,.. 8enerate

average invariant jet mass:

<mj2et>NLo = C_(pjet/\/;)as (pjet /z)pjzetRczone

with:

C_(pjet/\/;) pre-function of magnitude O(1)
(absorbes color charges and pdf,
slowly decreases with rising p,.,)

strong coupling at scale i :pjet/z

as(pjet/z)

— expect linear mass in NLO to scale with p,, :
. —
<mjet>NLo = caspjetRcone
rule of thumb at \/2214 TeV:

<m1'29t >NLO ~0.2: pjetRcone
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Observables and tools NLO Jet Mass Calculations

1 —S—Se—,————Ho -
Single jet mass i
8oL |t <25
Mass generated by four-
momentum recombination 3 60
should reflect heavy source E _
S 40 --- VE=1.96TeV, pp |
Scales proportional to pT for =  S=14TeV.pp |
light quark or gluon jet :

P,[GeV]
030r T T T T
P —R=1.0
025F .. -=R=07 .
F ot o —R=05
M) ool N e
020+ - ]
RPJ : \““*-‘:::‘_: ___h:‘
[ e e b
0.15 e
[
[ e =25
0.1 l ' : : .
0.0 0.1 0.2 0.3 0.4 0.5 0.6
4 Xr=2P,/ V5 4
pyn ~115 GeV > ple. ~685 GeV

A
v
~ \%& S.D.Ellis, J.Huston, K.Hatakeyama, P.Loch, and M.Tonnesmann, P, =700 GeV Py =4.2 TeV
S Prog.Part.Nucl.Phys.60 484-551 (2008)
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Observables and tools e 2. Econsient :
_}Jet __| constituents —~m = Ez o ‘[—5
Single jet mass P > Brosien jet jet ~ [Plet

constituents

Mass generated by four-
momentum recombination
should reflect heavy source

e requires good reconstruction of particle flow in
jet by detector signal > depends on chosen

_ calorimeter signal definition, e.g. test
Scales proportional to pT for

light quark or gluon jet

m

jet,reco - mjet,truth

m

for matching truth and

. jet,truth [ (plots from Chiara Paleari)
Subject to severe detector effects __, .. .. -
J ) : cluster jets
Lateral energy spread by e plot on the right B Ser e
individual particle cascades shows the spectrum ol ATLAS MC
reduce§ single jet mass of this relative :: (prenmi:%r;)
resolution A

mass difference for 200/

Calorimeter signal definition simulated QCD di-jets
(kT, R=0.6) in ATLAS '™

choices on top of shower spread
can enhance or reduce 3

(old plot, educational purpose only!) 120

sensitivity to in-jet particle flow

and thus improve or worsen &0

40

single jet mass resolution "‘

A
T : :
1 o &
s % (mjet,reco - mjet,truth )/mjet,truth

cluster jets

tower jets

3.7<|y| <42




P. Loch

344 '@THE UNIVERSITY Jet Mass U of Arizona

. OF ARIZONA. May 05, 2010

Relative mass 100 = T oo oto g g a g aaes e
change 80 F- 5 | ATLAS MC
Truncate jet mass 60 __ particle jet
Calculate mass 40 £ | & tower jet
using only < - | | Tuster ;
constituents above = 20 min — 100 MeV . o clusterjet
- p ¢ |
pT thresholds =) = I |
Compare ratio to /\.._ 100 :_ IW%FU—UrU‘urUfuwfu;uM
unbiased mass & 80 s, | R e
— - & | 2 |
Particle (hadron), o} — o | e |
. 60 [— A A ! .
cluster, tower jets _& — Aah . — particle jet
— - | | .
£ 40 : . a  tower jet
IS — i .
Q 20 mm _ o cluster jet
A = P =400 MeV |
SE 100 | - |
5 80 .
& - ! :
I | 5_—6—"5 !
60 - ,_:~. A ! Tt . — particle jet
40 a S arah * : s  tower jet
20 mm ~1GeV | ' o cluster jet
S.D.Ellis, J.Huston, K.Hatakeyama, P.Loch, and O:' L J. o 'l T
M.Tonnesmann, Prog.Part.Nucl.Phys.60 484- 0 05 1 15 2 25 3

A

r 551 (2008); also in arXiv:0901.0512 [hep-ex]
& ) . .

g |0810(m,~et(PT,,- >O)/GeV)
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Observables and tools _ , _
y —scale in kT algorithms provides a p, scale

Recombination scales and order  t which a given recombination can be undone
in kT like algorithms recall variables:

Jet decomposition tracing back
the (recursive) recombination

2 . ARij
d,=p;, and d; =min(d,,d) p

principal kT clustering rules:

(1) build list of d; and d;; from all protojets

(2) if common minimum is a d., call i from list
and call it a jet

(3) else combine i andj to a jet and add to list, and
remove the previous protojets i and j

(4) repeat from (1) until no protojets are left

define y —scale
2

Voo =V, Xp‘lz',jet’ with n being a resolution parameter
example: n=2 refers to the last recombination in
the clustering sequence, i.e. d, <d,,d,:

vyt =y, X Py =A/Min(d,,d,)

relates to mass in two-prong decays
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Observables and tools arXiv:0901.0512 [hep-ex]  ATLAS MC

Recombination scales and order
in kT like algorithms

Arbitrary Units

Jet decomposition tracing back
the (recursive) recombination

[ ]QCD

| W W—jj

Can be considered resolving
fragmentation to a given scale

Scale of last clustering step
relates to mass of source in two-
prong decay

r
|||||rl—|||||||||||||||||||||||||||||||J:IJTII—H

0 10 20 30 40 50 60 70 80 90 100
y  (GeV)

Sscale (
152

Ve fOF jets with m, > 40 GeV, for QCD and hadronically

decaying boosted W.
Note that for QCD y,? is logarithmically below p, . due

scale

to the strong ordering (in ;) in QCD evolution, while

<y1—>2> ~m,, reflects the 2-prong decay of the W boson

scale
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[
w
[=]

Observables and tools ATLAS Preliminary B

o]
o
[=]

Recombination scales and order
in kT like algorithms

YScale 1-2 (GeV)

150
Jet decomposition tracing back

the (recursive) recombination 100

Can be considered resolving
50

fragmentation to a given scale

G. Brooijmnas, ATL-PHYS-CONF-2008-008

Scale of last clustering step 05050500550 500 550 400
. Jet Mass (GeV)
relates to mass of source in two-

ATLAS simulation:
prong decay

Z'—>tt, m, =2(3) TeV
p,(t) > 300 GeV

e y.? probes top decay,

mtO
peaks at ~100 GeV =~ , "

2—3

e y. - probes W decay,

peaks at ~40 GeV z%
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® =250 —
Observables and tools S 3 [ ATLAS Preliminary TP S
§ ; : e
Recombination scales and order Y S200
Z 8 r
in kT like algorithms 8¢ T
¥ 150_—
Jet decomposition tracing back R -
the (recursive) recombination % 100
Can be considered resolving = -
= 50—
fragmentation to a given scale S -
« EEEEEE e
Scale of last clustering step O o ko
. Jet Mass (GeV)
relates to mass of source in two-
o0 —_—
prong decay 8 3140~ ATLAS Preliminary
o0 —
O ™ B
Scale of next-to-last clustering ] V1200
step relates to mass of sourcein =~ & Jypor o - T
three-prong decay % C L pmlInimamnmaniani o
E 80—_ LT
Can be expected to correlate with N e 1 R HINE R
jet mass in heavy particle decays 8 o o
< L
:g- r
C%’ 20—
LD. _II'.I:E:ETIEI.I .III.-II|IIII|IIII|IIII|IIII|IIII

JAY 1
AT 0 50 100 150 200 250 300 350 400
, %& Jet Mass (GeV)
S]
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Fast Simulation ATLAS MC

[ | Full Simulation

Observables and tools

Recombination scales and order

Arbitrary units

in kT like algorithms

Jet decomposition tracing back
the (recursive) recombination

arXiv:0901.0512 [hep-ex]

Can be considered resolving
fragmentation to a given scale

Scale of last clustering step
relates to mass of source in two-
prong decay

I.-II—-—L--H—L III|IIII|IIII|III .J_._IL.L-IL._II_

Scale of next-to-last cIusterlng- 40 30 20 10 0 10 20 30 40 50
step relates to mass of source in AY..un (GEV)
three-prong decay

n
o

152
- y scale

Ayscale = y:L:IZe . for jetS with

particle cal

Can be eXpeCted to correlate with m... >40 GeV from hadronically decaying boosted W.

jet mass in heavy particle decays yoo2l is calculated for parameterized, response

calo

smearing simulation (fast, no lateral shower spread)

894 less sensitive to detector effects! and from detailed full simulation — indications that
A‘& r 12

7 L

A

S

But different resolution — likely

Y. is little sensitive to details of showering.
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Observables and tools

Direct attempt to reconstruct
sub-jets within jet
Narrow jet reconstruction in

bigger jet motivated by mass
drop

Includes signal enhancement
strategy
Requires additional (3"9) jet from

gluon radiation in the decay
system

J.M. Butterworth, A.R. Davison, M.Rubin, G.P.Salam,
Phys.Rev.Lett.100:242001,2008

Sub-Jet Analysis

P. Loch
U of Arizona
May 05, 2010

Look for H — bbg with p, ,>200 GeV in
WH / ZH production - about 5% of total

cross-section:

b b R RI::
g — —
mass drop filter
1 m
~ H
Rbb - ’ pT > mH
z(1-z) Py

use Cambridge/Aachen kT flavour jet finder to find large jet (R =1.2),

p;>200 GeV for sub-jet analysis

(1) break jetj into two subjects j, j,, with m, >m,, by undoing last
recombination

(2) if there is a significant mass drop such that m, <um,, and the
splitting j = (j,, j,) is not too asymmetric, i.e.
min(p; ,pfz)/mfARjzl,j2 >V ouir
then the jetj is assumed to be the heavy particle neighbourhood
and the analysis stops
(3) else, setj = j, and go back to step (1)
apply filter to all heavy particle neighbourhoods, with a finer angular
=min(0.3,R,, /2) seems to be good for LHC,

scale R, <R,,,e.8., R

filter filter

and take the 3 hardest objects that appear — H — bbg, including
the hardest (O(«,)) radiation. Tag the b jets and calculate the
invariant mass.



P. Loch
351 @THE UNIVERSITY Sub-Jet Analysis U of Arizona

. OF ARIZONA. May 05, 2010
Observables and tools % 1500 |- | HObb
Direct attempt to reconstruct 5[ \Z
0

sub-jets within jet -
1000 —
Narrow jet reconstruction in -

bigger jet motivated by mass

background

drOp 500 f— 4
Includes signal enhancement I i
strategy - .
Requires additional (3') jet from R
. . . mbB (GEV)
gluon radiation in the decay i
- (d) —qq
140 .
system F SNB=45 NV4jets
120f in 112-128GeV YA/
r =V+Higgs

Events / 8GeV / 30fb™
S 8

[=1]
o
TT T

J.M. Butterworth, A.R. Davison, M.Rubin, G.P.Salam,
Phys.Rev.Lett.100:242001,2008

»
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N
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Observables and tools Jet Pruning
Jet pruning e attempt to suppress underlying event and pile-up

. contributions to jets
Enhancement of jet components

. ) e cleans jets by vetoing spurious recombinations
to increase substructure resolution J y &3P

L. . . during clustering — kT and C/A jets only!
Applied in kT-style jet clustering s 8 . Y

procedure e sensitive variables are angular distance ¢ = AR,

and relative p; hierarchy z = min(pT,l,ple)/pT,p ,in
recombination 1,2 > p

e suppress large distances and large hierarchies at each
clustering iteration
$>R.,
z<z,,

works better for heavy particle decays than for QCD:

e not clear what R_, is for QCD — R_, ~m/p, for heavy
particle decays

e also not clear what z_. should be — contamination

cut
looks hard early in clustering, especially for kT; for
=0.1(0.15) works well for kT(C/A)
jets from boosted top

heavy particles, z

cut
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Observables and tools Jet Pruning

Jet pruning e attempt to suppress underlying event and pile-up
. contributions to jets
Enhancement of jet components

. ) e cleans jets by vetoing spurious recombinations
to increase substructure resolution J y &3P

o . . during clustering — kT and C/A jets only!
Applied in kT-style jet clustering - , ,
e sensitive variables are angular distance ¢ = AR,

procedure . _ _ .

and relative p; hierarchy z = mln(pT,l,pm)/pT,p ,in
recombination 1,2 > p

e suppress large distances and large hierarchies at each
clustering iteration
¢ > Rcut
z<2z,,

works better for heavy particle decays than for QCD:

20'8’ P

o - Pruning would throw this
aak. ul W &\ away because it’s wide
sk ‘M- angle and much softer
07 S ' than the core of the jet.
02 .

D.Krohn, Jet Trimming, talk given at the Theoretical- M? : @ \ It would keep this because
experimental workshop on jet & jet substructure at LHC, e 3 T although it’s at a wide
University of Washington, January 10-15, 2010 (based on g bbb b gl angle, it’s not soft.
f% D.Krohn, JThaler, LT. Wang, arXiv:0912.1342) = _ =

A
v

N /,&I& Boosted Higgs Jet
S
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Observables and tools Jet Pruning

Jet pruning e attempt to suppress underlying event and pile-up

. contributions to jets
Enhancement of jet components

. ) e cleans jets by vetoing spurious recombinations
to increase substructure resolution J y &3P

L. . . during clustering — kT and C/A jets only!
Applied in kT-style jet clustering s 8 . Y

procedure e sensitive variables are angular distance ¢ = AR,

and relative p; hierarchy z = min(pT,l,ple)/pT,p ,in
recombination 1,2 > p

e suppress large distances and large hierarchies at each
clustering iteration
¢ >R
z<z,,

works better for heavy particle decays than for QCD:

2040
0.6
04 -
0ok Lt It’s harder to get Pruning to
L mEman work here.
_0_2:, . . - ] . - \
- oLt What is the appropriate Reu?
D.Krohn, Jet Trimming, talk given at the Theoretical- ’0'4; . LT
experimental workshop on jet & jet substructure at LHC, 08 What is the appropriate zeu?

University of Washington, January 10-15, 2010 (based on O e s
D.Krohn, JThaler, LT. Wang, arXiv:0912.1342) a0

T —— T

A
N E QCD Jet
NP .
A
S
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Observables and tools Jet Pruning
Jet pruning e improves jet mass measurement for boosted top etc.
Enhancement of jet components - e DrUNEd
to increase substructure resolution - ' ' j ?|_ P
Applied in kT-style jet clustering 0081 . _|J ;l ' unpruned
procedure ooek 30 5 R T
ﬂ,l‘.'l'E;r:.-._l' : o —
u.mf : E
Qa0 145 450 155 460 165 470 175 480 185 190

m,,, (GeV) for boosted top decays (p; ., >200 GeV)

J. Walsh, Understanding Jet Substructure, talk given at the
Theoretical-experimental TeraScale workshop on event
shapes, University of Oregon, February 23-27, 2009




P. Loch

356 @THE UNIVERSITY Jet Trimming U of Arizona

. OF ARIZONA. May 05, 2010

Observables and tools Jet Trimming

Jet pruning e main motivation is removing contaminations from e.g.

Enhancement of jet components
to increase substructure resolution

pile-up and underlying event, from a fully reconstructed
jet

o ) . e measures softness/hardness of contamination relative to
Applied in kT-style jet clustering

procedure whole jet — no judgements at the clustering stage

e approach:

Jet trimming (1) fully reconstruct jet from calorimeter signals

Applies a filter by removing soft (2) cluster narrow sub-jets, typically with R_, =0.2

sub-jets in a jet (3) discard sub-jets i with p;, < f. A,

Soft pT cut-off evaluated (4) rebuild jet from surviving sub-jets

dynamically jet by jet o typical choice for A, is A, = Pr et

D.Krohn, Jet Trimming, talk given at 3 i i} 30
the Theoretical-experimental 1i le. " g
workshop on jet & jet substructure - ni _==- . i L
at LHC, University of Washington, o5k . . - 0l
January 10-15, 2010 (based on ' m ™ m . B} i .
D.Krohn, J.Thaler, L.T. Wang, ol:!' - "Ei. + 0 --E_
arXiv:0912.1342) r L. EoE . - o
0 5; m " 0.5 m
Hum ..
u
1= « "B i s 1=
L] [ ] |
L |
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Jet Trimming
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the Theoretical-experimental T~ 55 0 05 1 15
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