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* Summary
* Brief overview of the full lecture course
* A simple example
“ *Measuring the Z° cross-section
* Reconstruction & Simulation
* Track reconstruction
* Calorimeter reconstruction
* Physics object reconstruction
* Simulation
* Physics Analysis =
e Data Quality
o 7'->l
* H->yy
* H->77->41
* Computing infrastructure
7= *The End!
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J Reconstruction

* Detector reconstruction

— Tracking
* finding path of charged particles through the detector

— Calorimeter reconstruction
* finding energy deposits in calorimeters from charged and neutral particles

e Combined reconstruction
— Electron/Photon identification
— Muon identification
— Jet finding
e Calibrations and alignments applied at nearly every step




reconstructed Obj

@ Important figures of merit for

ects

* Efficiency P R———
— how often do we reconstructthe% 0.8.2/’.“ E
object — e.g. tracking efficiency “ 07§ amas
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Reconstructed track matched to true track!

p, [GeV]



@ Important figures of

merit for

reconstructed objects

* Efficiency
— how often do we reconstruct the %zsa

object — e.g. tracking efficiency = Sz

150

e Resolution

100

— how accurately do we reconstruct .

it — e.g. energy resolution [ SUOIO ST WS :

(E-E JE

ttttttt

Electron energy resolution from simulation




@ Important figures of merit for

reconstructed objects

Efficiency

— how often do we reconstructthe
object — e.g. tracking efficiency

x107

Resolution o
— how accurately do we reconstructa “003:: o Ater iolaton it
guantity — e.g. energy resolution 002: +++
Fake rate Di-§;+++++++++¢ ﬂf hiiimi
— how often we reconstruct a different 0-‘;*?5}1*?&# LA
object as the object we are interested  gbeo oo

0 0.5 1 1.5 2

in—e.g. a jet faking a electron
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reconstructed objects

Efficiency

— how often do we reconstructthe
object — e.g. tracking efficiency

° OEX‘]O.E

Important figures of merit for

Resolution Sossf aias - Before soaton

— how accurately do we reconstructa Looa‘;: - Afer isolation cut
quantity — e.g. energy resolution g ++

Fake rate 001;“ ++++ 4 Tt i 1 i

— how often we reconstruct a different oE+" -:h wﬁ” W wa
object as the object we are interested g I

in—e.g. a jet faking a electron

:....I....I...
0 0.5 1

1.5

2

These quantitiesdepend on the detector, but also on the reconstruction and
calibrationsand alignment!
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Efficiency

— how often do we reconstructthe
object — e.g. tracking efficiency

x107

Important figures of merit for
reconstructed objects

—&— Before isolation cut

++++ + +++i 49 i
++ 4}*?*# ‘fkﬁl, Jf‘,#p#

o 0.5F
Resolution 50.45;— ATLAS
S 04F
— how accurately do we reconstructa oasf
guantity — e.g. energy resolution 00222:
Fake rate "2 4y +
015;_
— how often we reconstruct a different O‘;E o o
object as the object we are interested

in—e.g. a jet faking a electron

0...

A P
0.5
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For physics analysisit is important
i) to have high efficiency, good resolution, and low fake rates

ii) tobe ableto measure the efficiencies, resolutions and fake rates and their

uncertainties (not easy)

ul



Reconstruction Goals

High efficiency

Good resolution

Low fake rate

Robust against detector problems

— Noise
— Dead regions of the detector

Be able to run within the computing resource
limitations

— CPU time per event

— Memory use



Track finding



2

Tracking
@
-(_).Ei -0.2 -0.1 0 0.1 0.2
* Track finding very important for i o
analysis 03

* Tracks are used directly in the
reconstruction of

— Electrons -
0 o
— Muons B
— And to a lesser extent in Tau, Jet and ™
photon reconstruction 02 .
* For reconstructed tracks we know < fom
— Momentum R A A A M

* straighter the track the higher
momentum it is

— Charge

— Point of closest approach to the
interaction point

(important to identify particles such as b-quarks which have a long

lifetime and so travel a measurable distance before they decay)
12



QuiZ: Tracking by eye - Can you find the 50 GeV

Track?
cf Aaron Dominguez
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N Track Fitting

1D straight line fit as simple case
“Two perfect measurements

¥away from interaction point
¥no measurement uncertainty . . ’
fjustdraw a straightline through them and extrapolate

“Imperfect measurements give less precise results

¢the fartheryou extrapolate, the less you know

“Smaller errors and more points help to constrain the possibilities.
But how to find the best point from a large set of points?
9 Quantitatively

JFE JLIE IO B

¥In case of straightline | 'y(m) — 0z —+ d ! or, eg., helixin case of magnetic
fleld present predicted track position
posmonofl‘hhltlI ati® hit l

Mhits
¥Find track parameters by Least-Squares-Minimization 2 : y(mz))

¥Obtain also uncertainties on track parameters

14 00 od

uncertainty of it measurementj
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“Typical” size of errors

—
10cm

10cm

\ 4

+10 microns +10 microns

€ Error 6d on position is about £10 microns

@ Error 6O on angle is about 0.1 milliradians (+0.002 degrees)
@ Satisfyingly small errors

¢ allows separation of tracks that come from different particle decays (which can be separated at the order of mm)

2 Problem 1:

¥ we “see” particles by interaction with a detector (=material)
¢ interaction leads to : energy loss, change in direction
¥ This is Multiple Scattering

Charged particles passing through matter “scatter” by a random angle
Need more sophisticated algorithms to be able to take this into account

; examples:
(62,) = 15MeV/c [thickness 300 micron Si : RMS = 0.9 mrad /8 p
MS/ — : -
ﬁp Xra.d 1 mm Be : RMS = 0.8 mrad /5 p

© leads to additional position errors

15



2 “Typical” size of errors

10cm

>

\ 4

10cm
+10 microns +10 microns

€ Error 6d on position is about £10 microns
@ Error 6O on angle is about 0.1 milliradians (+0.002 degrees)
@ Satisfyingly small errors

¢ allows separation of tracks that come from different particle decays (which can be separated at the order of mm)

2 Problem 2:

¥ Tracking detector elements are not positioned in space with perfect accuracy
¥ Can be misaligned with respect to each other by upto ~100 microns

¥ Needs to be taken into account by the track finding software

¥ Need to derive alignment corrections from the data and apply these in track
reconstruction

much exaggerated
misalignment

Bl B el o ol &

16 . . i
misaligned real detector perfect alignment



@ Tracker Allgnment

= [ | &
8 30000 :_ ® IWorse alt;gnllment t &5 _:
2 o Improved alignmen t
g T Simulation with o'® Data2011,Ns=7TeV -
8 25000 2zt Imulia |o.n Wi ® O Lul)
= = perfect alignment s fl— dt = 702 pb :
o - : z
._g 20000 ID tracks S -
o] - -
O - -
N 15000 s -
E 2 s
10000~ B &
B e 8 2
5000 . =
M PSS R T e B .

B0 70 80 90 100 110 320

M. [GeV]
- Improving the tracker alignmentdescription in the reconstruction gives
better track momentum resolution which leads to better mass resolution.
- Can see the reconstructed Z width gets narrower if we use better alignment
constants. Very important for physics analysis to have good alignment.
- Alignment of detector elements can change with time for example when the
detector is opened for repair, or when the magneticfield is turned on and off.

17



Answer:

Tracking by eye - Can you find the 50 GeV Track?

2

cf Aaron Dominguez
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(aside) Pileup

When the LHC collides bunches of protons we can get more than
one p-p interaction — this is called pileup

The number of pileup interactions depends on the LHC parameters
— How many protons per bunch
— How small the bunches have been squeezed

For last year we have on average ~20 interactions every time the
bunches cross

These pileup interactions give lots of low momentum tracks

We can usually identify which tracks are from which interactions by
combining tracks that come from the same vertex

Pileup can cause difficulties for some physics analyses
— Also causes reconstruction to need more computing power

But allows us to get more luminosity

@& ad©

beaml ———— beam 2 19




Recent Z->pu eventin

ATLAS.
With 11 reconstructed

vertices.
such a mess of tracks

Tracks with transverse
momentum above
500MeV are shown
physics analysis with
in the detector?

(Pr>0.5GeV).
How can we do

\ \

M

EXPERIMENT

JATLAS

Drate: 2011-04-24 $1:43:3% CEST

Fun Mumber: 180164, Beent Humber: 1446351084
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WATLAS

2 EXPERIMENT

Run Humber: 180164, Event Humber: 146351084

Drate: 2011-04-24 $1:43:3% CEST

Recent Z->pu eventin
ATLAS.

With 11 reconstructed
vertices.

Tracks with transverse
momentum above
2.0GeV are shown
(Pr>2.0GeV).

How can we do
physics analysis with
such a mess of tracks
in the detector?



WATLAS

2 EXPERIMENT

Run Mumber: 180164, Event Humber: 146351084

Date: 2011-04-24 01:43:3% CEST

Recent Z->pu eventin
ATLAS.

With 11 reconstructed
vertices.

Tracks with transverse
momentum above
10GeV are shown
(P>10GeV).

How can we do
physics analysis with
such a mess of tracks
in the detector?

By applyinga cut on
the object momentum
the event becomes
much cleaner and
easier to analyze



Last displays were from early 2011 when average pileup was ~6 interaction / bunch crossing.

Since then it has rapidlyincreased, g SOEI 17T 17T T 7T T T T 11 ' T T T T 17T 1T T T 11 T T T T 17T 1T T T T1
) . | 'g 45 ;_ATLAS s =7 TeV ys =7 TeV ys =& TeV
Last year the average plleup wa.s 20! S 40E-Bliine Luminosity )
Lots of work has gone into making o 35
. . . & 30F
reconstruction robust against pileup. g eE 'é \
ie. making it so that efficiency/ resolution? ,E_ i S
. 2 = L]
do not depend on amount of pileup 8 1"535— “ .
—— L ]
E lmf
Dmm ] ] |'| |.| IR N N I N N N 1 I
ya®  pet Wb oct gant pet Wb et e ppt W oct

Month in 010

Month in 2011

Month in 2012
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Calorimeter energy
reconstruction



@ Goals

¢ Reconstruct energy deposited by charged and neutral particles

¢ Determine position of deposit, direction of incident particles

¢ Be insensitive to noise and “un-wanted” (un-correlated) energy
(pileup)

ALEPH -7

CMS

€ and obtain the best possible
resolution!

25



Clusters of energy

Calorimeters are segmented in cells

@ Typically a shower extends over several cells

¢ Useful to reconstruct precisely the impact point from the “center-of-gravity” of the deposits
in thevarious cells

€ Example CMS Crystal Calorimeter:

¢ electronenergy in central crystal ~ 80 %, in 5x5 matrixaround it~ 96 %

¢ So taskis : identify these clusters and reconstruct the energy they contain

front view

side view

view in (¢,n) cells

>
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Cluster Finding

Clusters of energy in a calorimeter are due to the original particles
¢ Clustering algorithm groups individual channel energies
Don’t want to miss any; don’t want to pick up fakes

Projection

==

>

&l

highthreshold,

for seed finding |_
€ .

s

lowthreshold,
|_| agalnstn0|se —
2 3 4 5 & T B % 9010 12 13 14 15 18 17 1@ 19 20 21 &2 23 24 b e 2

Simple example of an algorithm

“€c

Channel

Scan for seed crystals = local energy maximum above a defined seed threshold

® Starting from the seed position, adjacent crystals are examined, scanning firstin ¢ and then in n

Along each scan line, crystals areadded to the cluster if

1. The crystal’s energy is above the noise level (lower threshold)

2. The crystal has not been assigned to another cluster already



X

¢ Careful tuning of thresholds needed
§

28

$
$
$

Difficulties

needs usually learning phase

adapt to noise conditions

too low : pick up too much unwanted energy
too high : loose too much of “real” energy. Corrections/Calibrations will be larger

example : one lump or two?

1

2 03 4 5 & F OB %0010 12 13 14 15 16 17 18 19 X 2 22 2 2 2 oM O
Channel



Energy Energy
deposited in deposited into
front of calo the cluster

Energy

dep

Energy Calibration

Energy
deposited
behind calo

osited out

e Calibration constants can be complex functions of the position and energy

of the cluster

— ECAUB = f(EMEASURED 'n ¢, ...), fincludes various calibration constants
e Calibration very important to get the best energy resolution

8 F T T L T A I R RS
5 250 ATLAS -
z o=(1.12+0.03)% I
E 200 N
<I - ]
150 =
100 N
50 -

: T PRSP 5 M M R .:

L 0.05 041 015 0.2
E-E

VE

trua trua

Electron energy resolution from simulation

Events / 1 GeV

1200
1000
800
600
400

200

%

T | T 1T | T 1T | T 1T | T 1T | T 1T | T 1T | T 17T
—— Data j L dt =37 pb” ATLAS Preliminary
—— MC Z—ee

== Fit to data
nl<2.47 _F ‘ Cata™ 1.73+/-0.08 GeV

Oy = 1.49+/-0.02 GeV




Physics objects
reconstruction



Electron/Photon Identification

Electron/Photon reconstruction takes as input the
tracks and calorimeter clusters already produced

Electron/Photon leave narrow clusters in the
electromagnetic calorimeter

— Apply selection on the cluster shape to reduce
background from jets

Electron has track pointing at cluster
— Requires aligning the calorimeter with the tracker
Photon has no track pointing at it

Final Electron momentum measurement can come
from tracking or calorimeter information (or a
combination of both)

— Often have a final calibration to give the best electron
energy

Often want isolated electrons

— Require little calorimeter energy or tracksin the
region around the electron

31



I An electronin ATLAS

1. Narrow cluster in
electromagnetic calorimeter
2. No energy in the hadronic
calorimeter behind

2. High momentum track
pointingat cluster




Electron/Photon Backgrounds

Hadronic jets leave energy in the calorimeter which can fake
electrons or photons

Usually a Jet produces energy in the hadronic calorimeter as well as
the electromagnetic calorimeter

Usually the calorimeter cluster is much wider for jets than for
electrons/photons

So it should be easy to separate electrons from jets

However have many thousands more jets than electrons, so need
the rate of jets faking an electron to be very small ~10*

Need complex identification algorithms to give the rejection whilst
keeping a high efficiency

Example of an electron energy depositin the
electromagnetic calorimeterin ATLAS.

Use shower shape variables based on size of
cluster in the radialand longitudinal directionsto
distinguish from hadronicshowers (see next slide)




Electrons/ Jets

ATLAS = Signa i
W Eackground |

: . i : .
7 001 002 0.03 004 0.05 206 307 008 D09 O.1 D7 0.3 03.85 0.8 0.B5 1 05 05 06 DEBS 0¥ 075 048 085 DB D35 1
Hadraniz Leakage R R,

100 230 300 403 SO0 800 7OD BOO0 BJ0 1000

AE, (Mev)

= Eigrg

& Eaigraund & Eazigraund

Example of different calorimeter shower shape variables used to distinguish
electron showers from jets in ATLAS

34



 Combine the muon segments found
in the muon detector with tracks
from the tracking detector

. Momen X_ .....Q

Muon segment g . "’
in tHRR,BEN OO oooo
in tracker XXX X XX .'

e Combii W‘... ..

resolutig . Q:.. ... 7

rean {GI LK X0 )&d
eed 3 O@.... ~

18] the F€courrstructorr surtwarce

* Alignment of the muon detectors also very
important to get best momentum resolution

P~ ==

@ Muon identification

CMS

22Ny



Simulation



Simulation

Simulated data samples needed for

— Designing experiments

— Tuning analysis selections

— Background estimation

— Efficiency, resolution and fake-rate estimation

To get best physics outputs from the experiment it is essential to
have an accurate simulation of the detector

— Lots of work goes into tuning the simulation to give best description of
the data

— Test beam studies from construction period of the detector used to
tune simulation (test beam allows to study detector response to
known particle types and momenta—e.g. 20GeV electrons)

Very detailed simulation of the detector
— Detailed description of the detector geometry
— Accurate simulation of the detector electronics response
— Include detector ‘noise’ in the simulation
Keep the ‘truth’ information
— Allows efficiency, resolution and fake rates to be estimated
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Simulation workflow

Physics simulation Detector Simulation Electronics Simulation
Simulatethe physicsinteraction Simulatethe propagation of Simulate the response of
(set in the simulation configuration) the electrons through the the detector elements to
Output of this partis the detector. the ‘hits’ from the
4-vector’s of the Including: electron.
produced particles. -bendingin the magneticfield Simulatethe voltage pulse
In this case the 4-vector’s -leaving hits in the tracking on the detector and how
of the 2 electrons from detector elements the detector electronics
the Z decay. -interacting with the material works.

q et in the detector The output of this stage is

-interactingin the calorimeter  very similar to the raw data
S0 (detailed description of the EM  from the detector.
Gl e shower) (but we keep the truth

infarmation)

particle

Detector simulation step is very CPU intensive. Requires huge computing resources.



@ Detector Geometry in the Simulation

ATLAS Preliminary

E“mo; RRRRRRLAAS=0" ARk :Imo Use a very detailed geometry of the detectorin
=300 E zg the simulation program.
200} 4 |, Needtocorrectly model the interaction of the
100E 50 particles with the detector material.
oF 50
~100f: 0
1130 :
-200F " 4, E N Can use photon conversionsto map out the
300 . % = 10 material in the detector.
- Data oo . . ..
£ 3 R kLT simulation allows you to check the material
> F 146 description of the detectorin the simulation.
200F =
: 114 N )
100 12 € €
Of iz 1410
100F# S
. ' 6
-200F %, ;s :
O 4
-300F : 1. I
: L e 3 ' photon
_I || I 11 I-I I 1111 I | I.- I-I 11 I 1111 I 11 1] | | | I
“40000-300-200-100 ‘0 100 200 300 400 ° |

X [mm]
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Summary

R |

* Reconstruction split into two parts
* Detectorreconstruction
* Physics object reconstruction

* Sophisticated algorithms used to give best performance
* Complex calibrations and alignments

* Detailed simulation very important for physics analysis
* Including detailed geometry of the detector

..\ * Tomorrow — Physics Analysis....




Tracking at the LHC experiments

Need to cope with
— Multiple scattering

e Trackingdetectorsatthe LHC have a lot of materialin
them compared to previous experiments

— Mis-alignments
* Track finding at LHC difficult because many tracks
produced in LHC interactions
— Lots of hits in the tracker

— Lots of combinatorics (need to keep the CPU
time spent in tracking under control)

 Wantvery high track finding efficiency

 Want good track momentum and impact
parameter resolution

41



Time dependent alighment

| Level 1 alignment |

Global X translation [um]

10 [ Pixei
— | =% sCT Barrel ATLAS prellmlnary
— |+ SCTEnd Cap A .
| | e sorendcanc (5}-@_@__@ April - May 2011
— | == TRT Barrel . P
B3 TRTEndCap A [-------memmmemmremeeeet griemnresensanerre LR R R R R AT SR I
— |@ TRTEndCapC :' a

. . Te hnlc

I R I I I I I
?79r;’07973 7’-9&0#?993&7993’5&;@015380: %’ﬂﬂﬂqa’aoﬁ L‘gﬂﬁgﬁ.ﬁ'ﬂm ‘;507; 85278243 8245825 f25 (fer 38278275 8300502 83045
Run number

42



Tracking CPU time versus pileup

‘l D e 2011 ID Reconstruction eeemeeeeemeee e ------------------ v
Ll 2012 1D Reconstruction

— 011 |0 Reconstruction

------ 2012 ID Reconstruction

 ATLAS Preliminary.
: | Simulation | |
5 0 15 20 25 30

- _J.lJI.J.LI.+l].L.|.LI.J.|.].LJ.|.lJI_



Improving reconstruction

? 102_I L | | L | | | | | L T 11 T 11 L L [ I_

= (ogF ATLAS Preliminary 1 ATLAS electron

O - ] reconstruction

ks gg: ¥ ¥ y Y Y ¥ Y Yy ¥ - é improved

% ? i i A d& & ¥ ¥ 4 T between 2011

© 96 5 o & — and 2012, by

.5 . & 7 using more

© 94— N A ) - sophisticated

= — é F -

= 9o & & A & , 3 algorithmthe

S "y - efficiency

3 90— 3 significantly

- u - improved!

& 88— 2011 2012 =

5 L Dataj Ldt~4.7fb" __Data I Ldt~770 pb”’ =

T 86k . mc —F— MC A
84_|||||||||||||||||||||||||||||||||||||||||||||||||_

2 -15 -1 05 0 05 1 15 2
n

Cluster
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