I}A{E’HE UNIVERSITY
OF ARIZONA.

Introduction to Hadronic Einal State
Reconstruction'in Collider Experiments
(Part XII)

Introduction to Hadronic Final State
Reconstruction in Collider Experiments

e

C 1JJJJJJJJJJF%
£ Eﬁ%‘mﬁ

W -



P. Loch

2 @THE UNIVERSITY Preliminaries U of Avizona

. OF ARIZONA. April 15, 2010

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)
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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 -
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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
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i C 7
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0.95 A
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g Simulations Global Calibration
Q. & C L L L B ASLLY HLEL L AL B
£ Compare calorimeter response T ; 3223-? 320: :4g4%egev %A E
~_ | oy )T 4
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 .
> 5 e, i O ]
2 : : . 0.95F o % > .
= Residual non-uniformities - @# .
© l . 3
£ expected in cracks 0'9; o == -
= Only jets in “golden regions” 0855 = R
IS
-
(%)
< L
| =
2 h
Di-jet pT balance up
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] ]




ATLAS plots from arXiv:0901.0512 [hep-ex]
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Simulations

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
April 15, 2010

Global Calibration

+ I

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

e

nepr-p»

?
III|III|III|III|III|III|III|III|III|III

10° 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
April 15, 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 9000 true
B 8000/ Response Esmear < 12.5 GeV | I binned in E
2500 Response Esmear < 12.5 GeV E smear
n 7000 —
2000/~ soooi—
- 5000
1800}~ w0k Lower edge of E spectrum
1000 — 3000/
: 20007
500 c
: 1000
L R L —
6000 —
- Response Onl 6@[!55' an in
4000
o b f f ! "
ins of true ener'gy
" ‘FIJ -|1|k E Jﬁj 1h1'kL
L x-S I N-E R v a— o5
4000 500
3500 Response Esmear > 27.5 GeV 480~ Response Esmear > 27.5 GeV
E 400F
30001~ E
E 350
2500 300/
2000 250 High end of E spectrum
1500 2001~
: E 150
\WaW 1000/ 3
?’% U - i
< G5 E 50¢-
LON 0E L1 A O N T oEs ! ! L L ] L L
JAV ] 2745 4 05 0 05 1 15 2 2 45 A4 w05 0 05 5
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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
April 15, 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
April 15, 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
\ '
= 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
(GeV)

between reconstructed and true re:ol_e_t
energy? 5
Same simulation data input 30 -
Has been used in some 252_
experiments 2 : _
Dependence on truth energy ::_ @EESEE
speCtrum 55— k | \h(EI’ECjet truth,jet E[Ei'Ei+1[
Need to make sure calibration 0:.\.15. —— NN |
sample is uniform in truth
enerpgy h( truthJet) Ereijet < |:Ei'Ei+1[ truth Jjet (GeV)
Alternatively, unfold driving 02
truth energy spectrum IRE
. ) ) ) 016 h(E )k .E* )
Residual non-gaussian behaviour S truth,jet truth,jet
of truth energy distribution 012 Erecior €LEEl
Error on reconstructed energy 01
hard to understand 2:2:
Could still use response Gl
distribution - same issues as 0.025
discussed on previous slide! 0t b -3'5' i

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
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5 | Estimated effect of a distorted detector
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% | Larger fluctuations for kT jetsat 5 20 ¢ T
- < 18 E ATLAS MC _
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= Vacuum effect for tower jets? Q = Ol g O @E
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