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Experimental High Energy Physics at Colliders
Lecture  3: Reconstruction of Objects - 1

Liquid Argon (LAr) CalorimeterTile Calorimeter (TileCal)

1. Calorimeters, electrons, Jets
2. Muons
3. MET & Co
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Calorimeters: Energy Calibration and Resolution
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1 Calorimetry

Stochastic term: 
shower fluctuations

Shower leakage, 
calibration

Electronics noise

Design goals:
Precise energy measurement of electrons,photons, jets & measurement of 
missing transverse energy, MET.

Partial Particle-ID via shower reconstruction

Needs:
Good intrinsic energy resolution

High granularity, hermetic detector (“no cracks”)

Large depth to contain full shower

Trigger capabilities, i.e. fast identification of high energy deposits 

Calorimeter energy resolution:
[complementary to tracker: resolution improves with energy]
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1 ATLAS & CMS Calorimeters

Issue ATLAS CMS

Position
Outside

solenoid coil 
i.e. up to 4 X0 dead material 

in front of ECAL

Inside
solenoid coil 

i.e. limited calorimeter depth 
[HCAL: only 7.2 λ at η=0] 

ECAL
Lead/liquid argon (LAr) 
sampling calorimeter

i.e. excellent granularity 
and longitudinal segmentation

Homogeneous
crystal calorimeter [PbWO4]

excellent intrinsic 
energy resolution for e/γ

HCAL
Sampling Calorimeter
Barrel: iron/scintillating tiles 

End-caps: copper/LAr

Sampling Calorimeter
brass/scintillating tiles
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ARTICLE IN PRESS

considerably worse than for the VLE beam line. The data of the
50GeV run show a larger tail towards lower energies which can
be explained by bremsstrahlung in the beam line that is only
approximated in the MC simulation (see Section 7): some photons
created by bremsstrahlung in the beam line are lost in the data,
causing tails towards lower energies; whereas most of such
photons will reach the calorimeter in the MC simulation since
there they are created much closer upstream of our set-up (see
Section 7).

8.4. Comparison of derived quantities

The global energy scale of the EMB has been adjusted using
data from the CTB (Section 3): in order to evaluate the quality of
the MC description, one should therefore also compare derived
quantities that are independent of the global scale, but still
sensitive to the accuracy of the set-up simulation. Two typical
examples of such derived quantities are the ratio E1=E2 of the
energy deposits in the strip and the middle compartments, and
the shower depth Xmean measured as the energy weighted
mean—the weights being the energy deposits Ei in each layer—
of the depth in radiation lengths of the center of each

compartment36 Xi:

Xmean ¼
P3

i ¼ 0 EiX iP3
i ¼ 0 Ei

: ð9Þ

The average compartment depths Xi at the different (Z;j)
positions are calculated using the geometry description in the MC.

Both, the E1=E2 and the Xmean quantities are independent of the
global energy scale, and sensitive to the longitudinal development
of the shower and thus to the amount of material in front of the
calorimeter. Fig. 19 (Fig. 20) shows the comparison of the E1=E2
ratio (left) and Xmean (right) distributions in data and MC at
50GeV (3GeV). The agreement is in general very good in both
scale and shape, especially for the VLE beam line.

8.5. Systematic uncertainties

The level of accuracy of the MC description of the electro-
magnetic shower development in the LAr calorimeter is affected
by the presence of uncertainties associated with the geometrical
set-up and detector description (thickness of the lead absorbers,
the depth of the first layer, the exact amount of material in front
of the strip compartment, cables, electronics, the thickness of the
cryostat and the amount of LAr in front of the PS). Similar
uncertainties will be an issue during the actual ATLAS data taking,
their study in the controlled test-beam environment is therefore
important. Conversely, the uncertainties associated with the
description of the CTB set-up itself will not be present in ATLAS:
in order to understand the true systematic effects relevant to
ATLAS, the CTB set-up-related uncertainties must then be
disentangled as much as possible from the rest.

The dominant components of the total uncertainty are:

$ Uncertainties in the relative knowledge of the beam energies:
Although the absolute beam energy may include large errors,
the relative energy shifts from energy to energy are consider-
ably smaller and they depend on changes in beam conditions
(collimator apertures, magnet currents, etc). These uncertain-
ties are listed in Table 1 for the HE set-up. Their total
contribution is generally relatively small at the level of 0.1%
(0.2% for energies of 20GeV and below). For the VLE set-up
(energies from 1GeV to 9GeV in Table 1) the uncertainty is
always o0:1% because the energy is calculated using the
measurements of the beam chambers (see Section 3.2).

$ Variations in conditions during data taking due to temperature: In
Section 4 the impact of measured FEB temperature variations
is discussed. Temperature variations induce pedestal varia-
tions and gain variations. After corrections as described in
Section 4 are applied, this effect is negligible.

$ Variations due to the cell calibration, including the OFC computation
and their phase dependence: In the test-beam particles are not
synchronized with the 40MHz read-out clock. Their exact arrival
time is measured using the trigger scintillators. However, their
different phases lead to a small systematic effect, which is
neglected here and will not be present in ATLAS.

$ Uncertainties in the description of the EM shower development by
the simulation: Comparisons between GEANT 4.8 and GEANT 4.7
showed small differences at the level of 1% in the lateral and
longitudinal shower development.

$ Uncertainties in the MC description of the beam line and the
description of the cryostat and the calorimeter: Table 3
summarizes the different contributions. The impact of these
contributions on the uncertainty of the reconstructed energy
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Fig. 17. Data-MC comparison of total LAr EM calorimeter energy response (sum of
the accordion compartments plus PS) at Ebeam ¼ 50GeV (HE beam line).
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36 The index i denotes the PS (i¼ 0), strip (i¼ 1), middle (i¼ 2) and back (i¼ 3)
layers.
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trigger, SMH (scintillator with a hole of diameter 3.4 cm) was used
in anti-coincidence to veto the muon halo of the beam.

2.4. Data taking periods

The data taking campaign lasted from June until November
2004. Collected data are classified in periods depending on the
sub-detectors present in the readout. In this paper, results are
presented for three different periods:

! Standalone calorimeter period, during which only the calori-
meters were read out. Electrons with energies between 9 and
180GeV were collected at a fixed pseudo-rapidity of Z¼ 0:4;
various thicknesses of Aluminum (from dAl ¼ 2:5 to 7.5 cm)
were added in front of the calorimeter cryostat23 to study the
impact of upstream material.

! Calorimeter and TRT period, during which the calorimeters and
the TRT were read out. Data from this period were used to
measure the uniformity of the LAr calorimeter and to extract
the absolute electromagnetic scale.

! Fully combined period, where all the sub-detectors (Pixels,
SCT, TRT, electromagnetic and hadronic calorimeters and the
muons detectors) were read out. During this period data with
various configurations were collected: without and with
magnetic fields; electrons and pions with energies between 1
and 180GeV (using the two different beam lines described in
Section 2.3) at various Z positions. All VLE results and some HE
results without additional material were obtained analyzing
data from this period.

2.5. Reconstruction software

Previous stand-alone test-beam campaigns had been moni-
tored and analyzed using specific software. For this campaign, the
Cþþ reconstruction software in the Athena framework, up to
then only used for ATLAS Monte Carlo studies [20], has been
adapted to treat 2004 CTB data. The major new functionalities
implemented for this purpose were:

! capability to decode bytestream,
! capability to deal with detector misalignments,
! capability to deal with calibrations.

All parameters are stored in a database and retrieved on demand.
Beyond the use in the particular analysis described in this

paper, the data reconstruction and calibration experience gained

at the 2004 CTB on 1–2% of the complete ATLAS detector has been
invaluable in the development of the ATLAS software used in
cosmics data taking with the full ATLAS detector since 2006, and
to be used in LHC collisions.

3. Beam momentum measurement

3.1. High energy beam line

The electron momentum selection on the HE beam line is
based on a spectrometer consisting of two collimators, C3 and C9
and two triplets of bending magnets, B3 and B4 (Fig. 4). The beam
momentum is related to the bending angle and the integral of the
field of the magnets along the beam path through the following
formula:

DW¼ 0:3

R
Bdl
p

ð1Þ

where p is the beammomentum in GeV/c, DW is the bending angle
and

R
Bdl is the bending power. The bending angle is kept

constant at DW¼ 41mrad: Eq. (1) thus describes a linear
relationship between the bending power and the beam
momentum where the bending power is a function of the
current I applied to B3 and B4.

During a dedicated test-beam campaign in 2002
R
Bdl was

measured as a function of I for each bend [5], and this
measurement is hereby used to compute the beam momenta:
the calculated momenta of the HE runs analyzed in this work are
listed in Table 1. Note that there is an error on the absolute beam
energy scale of up to 0.5%, coming from geometrical uncertainties.
This error does not affect the linearity of the beam momentum
and therefore is omitted in Table 1. However, this uncertainty
translates into an absolute uncertainty of the LAr calorimeter
energy scale that was extracted using data from the CTB 2004 (see
further down in the text).

Some corrections have to be applied to the computed
momenta. The energy lost by electrons due to synchrotron
radiation is estimated and subtracted (‘‘SR corr.’’ in Table 1); the
shift of the mean beam momentum due to non-centered
collimators is studied through a simulation of the beam line and
is found to be dp=p¼&ð0:03%Þ=mm for collimator C3 and
dp=p¼ ð0:03%Þ=mm for collimator C9. Hence it is necessary to
take into account the exact collimator settings on a run to run
basis and apply a correction when necessary (Table 1).

During the 2002 test-beam campaign Direct Current Current
Transformers (DCCT) were used to measure the magnet currents
with a high relative precision of 10&4 [5]. This set-up was not
available in the 2004 CTB; however, the current was monitored
directly on the power supplies. In order to estimate the precision
of this current measurement a study was done to compare the
2002 DCCT readings with the less precise power-supply readings,

Fig. 3. Outline of the beam-line instrumentation in the high energy and very low energy beam lines [7] and the placement of the detectors during the CTB campaign. The
ruler indicates the positions of the detectors in the MC simulation. The acronyms are explained in the text.

23 These Al plates were mounted parallel to the cryostat, the actual thickness
seen by the incoming particles is therefore d¼ dAl=siny.
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1 Testing the Electromagnetic Energy Scale

ET > 0.4 GeV, PT,pair > 0.9 GeV, f1>0.1 
[Dedicated calibration for low ET photons]

Data: mπ =134.0 ± 0.8 (stat) MeV; σ = 24.0 MeV

MC: mπ =132.9 ± 0.2 (stat) MeV; σ = 25.2 MeVEn
tri

es
/ 1

0 
M

eV

π0➙ γγ

mγγ [MeV]

En
tri

es
/ 3

0 
M

eV

mγγ [MeV]

π0➙ γγ

ET > 0.8 GeV, PT,pair > 2.2 GeV, track veto 
[Dedicated calibration for low ET photons]

Data: mη =527 ± 11 (stat) MeV 

MC: mη =544 ± 3 (stat) MeV 

η ➙ γγ
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1 Physics with Electrons & Photons

CMS
Preliminary

CMS
Preliminary

mee [GeV] ET,miss [GeV]

Ev
en

ts

Ev
en

ts

Future

7 TeV Data 7 TeV Data

J/ψ Data

W Data

Electrons
Photons
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1 Jets & Jet Energy Measurement
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1 Jet Energy Measurement

Problems: 
Non-compensation
[hadronic vs. electromagnetic energy]

Missing energy
[e.g. muon tracks]

Double counting
[when using track momenta]

Electrons
Photons

Neutral Hadrons
Charged Hadrons

Muons

Jet

Particle
Flow Calorimetry

Reduce role of ‘hadron’ calorimetry 
to measurement of n, K0

A Compensating 
Calorimetry

Correcting hadronic energy
for nuclear-binding energy loss.

B
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Calorimeter Jet
[extracted from calorimeter clusters]

Hadronization
Fragmentation
Parton shower
Particle decays

Understanding of detector response 
Knowledge about dead material
Correct signal calibration
Potentially include tracks

Hadron Jet
[might include electrons, muons ...]

Parton Jet
[quarks and gluons]

Proton-proton interactions
Initial and final state radiation
Underlying event

Jet Energy Measurement, which 
Jet?

“Measurement”

“Theory”

Jet

From measured energy 
to particle energy

Compensate energy loss 
due to neutrinos, nuclear excitation 
...

From particle energy to 
original parton energy

Compensate hadronization;
energy in/outside jet cone
...

Needs
Calibration
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1 Jet Energy Measurement

Jets may look different at different levels

Robust jet definition ➛ stable on all jet levels
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1 Jet Reconstruction

Step 1:

Step 2:

Step 3:

Jet Cones in (y,ϕ) Space
Iterative cone algorithms: 

Jet defined as energy flow within a
cone of radius R in (y,ϕ) or (η,ϕ) space:

R

Sequential recombination 
algorithms: 

Define distance measure dij ...
Calculate dij for all pairs of objects ... 
Combine particles with 
minimum dij below cut ...
Stop if minimum dij above cut ...

e.g. kT-algorithm:
[see later]

Sequential 
recombination 
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1 (Anti-) kt jet clustering 
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1 The ingredients and the method - 2
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1 The ingredients and the method - 1

dij distance between objects ij

diB distance between object i and beam

p=1 is the kt algo, p=0 is the Cambridge/Aachen algo, p=-1 is the anti-kt algo

• kti is the transverse momentum

• Δ"#$ = ('" − '")$ + (+" − +")$

• yi is the rapidity (use also h)

• fi is the azimuthal angle

• R is a parameter → opening of the jet

• p is a parameter of the algorithm → energy hierarchy 

• p = -1, 0, 1
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1 The distance dij

Object i : kti, fi, hi

Object j : ktj, fj, hj

kt = pT , R2 algorithm parameter

p=0 is the Cambridge/Aachen → !"# =
∆&'(

)(

h

f

!"#
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1 Jets for different kT algos

h

f

1

2
3

pT: 1 > 2 > 3

kT anti-kT
d13<d23<d12 d13<d23<d32
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1 The distance dij

Object i : kti, fi, hi

Object j : ktj, fj, hj

kt = pT , R2 algorithm parameter

p=-1 is anti-kT algorithm → !"# =
∆&'(

)( * min(/0"
12, /0#12)

h

f

!"#
soft

hard

dij is determined by hard particles → soft particles
cluster around hard ones!
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1 The distance dij

Object i : kti, fi, hi

Object j : ktj, fj, hj

kt = pT , R2 algorithm parameter

p=1 is kT algorithm → !"# =
∆&'(

)( * min(/0"
1 , /0#1 )

h

f

!"#
soft

hard

dij is determined by soft particles → soft particles
cluster first!
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1 Jet Energy Calibration

Absolute 
methods

Z (or γ)

jet

e,μ

e,μ

jet

jet

high energy jet

W

jet

jet Relative methods

[Inter-calibration]

jet

jet
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1 Jet Energy Calibration

Absolute Method Uses pt balance in back-to-back 
photon+jet events
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Combined Performance
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LCW → Local Calibration Weight
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1 Mention to pile-up

NPV =# reconstructed primary vertices 
<µ> = expected average # interactions 
pile-up = proton-proton collisions in addition to the collision of interest
25 ns, which is the interval between proton-proton bunch crossings

In the ATLAS detector many of the subsystems have sensitivity windows longer 25 ns.
→ every physics object is affected by pile-up in some way
• from additional energy contributions in jets to

• mis-reconstruction of background as high-momentum muons.
In-time pile-up: additional proton-proton collisions occurring in the same bunch 
crossing as the collision of interest;
Out-of-time pile-up: additional proton-proton collisions occurring in bunch-crossings 
just before and after the collision of interest. When detectors are sensitive to several 
bunch-crossings or their electronics integrate over more than 25 ns, these collisions 
can affect the signal in the collision of interest;
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R
M

S

• Calo jets

• Track jets

• Calo jets + corr
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1 Jets grooming - 1
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1 Jets grooming - 2

CA = 
Cambridge/Achen

jet algorithm
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Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1



Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1



Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1



Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1



Toni Baroncelli - INFN Roma TRE                                                                                                 Physics at Hadron Colliders

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

01
7

To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1

Alignment and Resolution Determination 
Muon Systems
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1 Muon Systems

Design goals:
Reconstruct high-pT muons over large η-range
Trigger on high-pT muons

Needs:
Very good spatial resolution
Hermetic detector ("no holes")
Fast detector response

ATLAS & CMS:
Combination of muon system & magnet drove detector layout

ATLAS: standalone muon reconstruction (toroid magnets) 

CMS: muon detection in iron flux return

Both: large scale precision detectors with excellent alignment
[precision mechanics & optical alignment system]
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1 Muon Systems

Issue ATLAS CMS

Design Air-core toroid magnets
Standalone muon reconstruction

Flux return instrumented 
Tracks point back to collision point

Barrel  Tracking Drift tubes 
Precision: 30–50 μm

Drift tubes 
Precision: 100–500 μm

End-cap  Tracking Cathode strip chambers
High rate capability

Cathode strip chambers
High rate capability

Barrel  Trigger Resistive plate chambers
Fast response [5 ns] Resistive plate chambers

Fast response [5 ns]
End-cap  Trigger Thin gap chambers 

Fast response, high rates
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1 ATLAS Muon Spectrometer
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1 Muon Performance

[Froidevaux, Sphicas]

ATLAS: larger
coverage 

ATLAS: better standalone 
perf.
CMS: better combined 
perf.
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MS : 3 stations
µ-rec = ID + Calo + MS
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1 Muon Types in ATLAS

One muon traverses ID, 
Calorimeters, Muon Spectrometer

4 different types of reconstructed muons in ATLAS depending on which 
detector(s) is (are) used
SA, CB, ST, CaloTag
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Fake muon → muon 
from HF or wrong 

reconstruction

W Prompts

HF fakes
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1

Tag & Probe 
method

In-situ measurement of muon reconstruction 
efficiency using well known resonances. 
Requires

1. A combined muon “Tag”

2. the tag is paired with an ID track giving an 
invariant mass close to the considered 
resonance mass

3. the fraction of reconstructed signal 
“Probes” measures the muon identification 
efficiency
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1 Reconstruction efficiency of muons

Muons
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1 MC and data

Monte Carlo is most of the time too optimistic. Since simulation is a 
fundamental ingredient of modern analysis we need to apply additional 
smearing and/or scale factors to the ideal resolution / response of the 
simulation. This is less obvious than it seems, degradation is often due 
to several effects (mis-alignment, additional material, not only worse 
resolution).

MC is optimistic wrt dataID tracks

MS tracks
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1 What do we want to do?

We want pT from simulation to be as 
close to data as possible in terms of

• Scale

• Resolution
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The stand-alone muon resolution can be parameterised as follows:

where the first two terms parameterise the effect of the multiple scattering and the contribution 
of the intrinsic momentum resolution of the MS, respectively. The third term parameterises the 
effect of the fluctuations of the muon energy loss in the calorimeters, but this is small for the 
momentum range under consideration.

Parametrization of ID & MS resolutions

The first term describes the
multiple scattering contribution,
whilst the second term describes
the intrinsic resolution caused by
the imperfect knowledge of the
magnetic field in the ID, by the
spatial resolution of the detector
components, and by any residual
misalignment of the detector
components.

ID, Inner Detector

MS, Muon Spectrometer
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Corrections to muon momentum 
resolution and scale in MC 

Samples of J/Psi, Upsilon and Z decays are used to study the muon 
momentum scale and resolution. The (ATLAS) simulation includes the best 
knowledge of the geometry, material distribution, and physics of the muon 
interaction. Additional corrections are needed to reproduce the muon 
momentum resolution and scale of experimental data at the level of 
precision that can be obtained using high statistics samples of dimuon
resonances.

Det = MS, ID depends on h, f

s0 scale, Dro additional smearing
powers of pT :

0    energy loss fluctuations

1. mult. scattering, B 
inhomogeneities, mis-
alignments  

2. Intrinsic resolution

gm gaussian distribution
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Corrections to muon momentum 
resolution and scale in MC 

s0 scale, Dro additional smearing powers of pT (0,1,2):

1. energy loss fluctuations

2. mult. scattering, B 
inhomogeneities, mis-
alignments  

3. Intrinsic resolution

gm gaussian distribution

Changes scale of pT

Worsens resolution

!"#$,$&''()*(+ =
-.
/0,123435678$&''()*9&:

;8
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1 Corrections: results

Dr can only
fluctuate up!

ID tracks

MS tracks
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MS tracks
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1 MET studies

arXiv:1802.08168v2 [hep-ex] 13 Dec 2018 
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1 understanding MET 

MET is affected by PU pile-up

PV

how to exclude non-PV objects from the 
calculation of the hard-scattering HS 

vertex?
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Pile-up, PU, suppression or mitigation Jets 
+ Soft Terms

Pile-up not only distorts the energy reconstructed in jets but can also create 
additional jets. To suppress the jets originating from pile-up, a cut is applied 
based on the Jet Vertex Fraction (JVF), i.e. the fraction of momenta of tracks 
matched to the jet which are associated with the hard scattering vertex. JVF 
is defined as:

where the sums are taken over the tracks matched to the jet and PV denotes 
the tracks associated to the Primary Vertex (PV).

The pile-up largely affects the soft term. Two different methods for 
suppressing the pile-up in the soft term are described in the following, one 
based on the use of tracks and the other one based on the jet area method. 
Tracks provide an excellent method for pile-up suppression, since they can 
be associated with the primary vertex from the hard scattering collision.

Remove Jets with JVF < cut
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1 Correcting soft terms of MET

It is calculated, in a similar way as JVF, as:

where the sums are taken over the tracks 
unmatched to physics objects and PV denotes the 
tracks associated to the primary vertex. The 
ET

miss,SoftTerm is multiplied by the STVF factor and the 
Emiss

T calculated, with this corrected soft term, is 
named STVF.
The event transverse momentum density r is used to determine the 
contribution due to pile-up in the jet area, which is subtracted from each jet: 
pT

jet,corr = pT
jet − rAjet. Two different ET

miss,SoftTerm calculations are considered 
here and the ET

miss is then recalculated using each of them. The two methods 
differ only in their calculation of the r. One is named Extrapolated Jet Area 
Method and the other named Jet Area Filtered.

Non associated to pV
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1 Comparison among different MET’s
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1 Beyond MET: Particle Flow?
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Through
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1 Recent reference to PF in ATLAS
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1 Examples

Idealised examples of how the algorithm is designed to deal with several different cases. The 
red cells are those which have energy from the π+, the green cells energy from the photons
from the π0 decay, the dotted lines represent the original topo-cluster boundaries with those
outlined in blue having been matched by the algorithm to the π+, while those in black are yet to 
be selected. The different layers in the electromagnetic calorimeter (Presampler, EMB1, EMB2, 
EMB3) are indicated. In this sketch only the first two layers of the Tile calorimeter are shown
(TileBar0 and TileBar1)
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