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Recapitulation of the previous lecture

Topology of a pp collision event
Geladene und neutrale

Teilchen, die in der Kollision
erzeugt wurden

p /J\ p
Particles producible in the final state of a collision

Leptons

o Neutrinos: stable, only weakly charged. = No interaction leading to a
measurable electrical signal in the detector components.

o Electrons: stable, electrically charged. = Electrical signals in the
detector components.

o Muons: unstable, but due to being ultrarelativistic, they are
long-lived in the laboratory frame and do not decay in the detector;
electrically charged. = Electrical signals in the detector components.

o 7 leptons: unstable. = Detectable only through their decay products.



Recapitulation of the previous lecture

Topology of a pp collision event
Additional particles producible in the final state of a collision

Hadrons

o In the elementary collision, quarks and gluons are initially produced.
Due to confinement, these are not seen directly, but rather as
so-called jets of hadrons, which originate from the quarks and gluons.

0 Special role of two quarks:
b-quarks form long-lived b-hadrons, which allows the identification of
b-quark jets.
t-quarks are so short-lived that they cannot form hadrons. They are
detectable through their decay t — Wb.

Photons
Photons are stable. Although they are electrically neutral, they can

produce electromagnetic showers in matter, which can be detected by
the detector.



Recapitulation of the previous lecture

Basic structure of a particle detector at a hadron collider
Hadronkalorimeter zum Nachweis

hadronischer Schauer

Elektromagnetisches Kalorimeter
um Nachweis von elektromagnetischen

Myonsystem
fur die Identifikation
geladener Teilchen als Myonen




Recapitulation of the previous lecture

Reconstruction of muon tracks in the inner detector

Reconstruction of muon trajectories is in a certain sense the simplest,
because the energy loss of muons in the inner detector is negligible, and
the trajectory therefore depends only on the following parameters:

o ¥y, p at the interaction point.
o Magnetic field in the inner detector.
o Multiple scattering in the inner detector.

The reconstruction of muon tracks, as well as particle tracks in general,
occurs in two interconnected steps: the so-called pattern recognition,
where the hit points in the inner detector corresponding to the particle
track are found, and the so-called track fitting, where the trajectory is
calculated from the hit points selected during pattern recognition.



Recapitulation of the previous lecture

Trajectory in a magnetic field

d Bdt
do="L -T2 _I9p 44 =2pds
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o ro TO
Example. p=1 GeV. rg=0. B=2T.

a(10 cm) = 60 mrad. y(10 cm) =3 mm.

a(l m)=0.6 rad. y(1 m) =30 cm.



Recapitulation of the previous lecture

A possible method for pattern recognition

1. Consider all pairs of hits near the beamline
sequentially.

Spurstiick
Inach Paarung

@ra lachse

2. Search for hits in search corridors around the
extrapolated track segments outward.

Suchkorridor

— Detektorebene X The size of the search corridor de-
x Trefferpunkt termines the smallest measurable
momentum p.



Recapitulation of the previous lecture

A possible method for pattern recognition

3. Continue the extrapolation to the outermost
measurement layer of the inner detector.

@ra lachse Two possibilities:

(a) Size of the search corridor
constant.

(b) Size of the search corridor
depends on the trajectory of

the hits found so far.
— Detektorebene

x  Trefferpunkt



Recapitulation of the previous lecture

Track fitting
Now consider all clusters of hits found during pattern recognition one by

one.
I | : Onl ne hi . . .
'dea case: Only one hit Situation with so-called Situation with more
in each detector layer, . I
. outliers than one hit in a layer
no outliers.

X

X . X
y Ausreif3er — ) @

X x 2 Treffer



Recapitulation of the previous lecture

Track fitting in the ideal case
X

« o Hit coordinates: Z1,...,Ty.
o Position uncertainties: o1,...,0n.

o Uncertainties in detector positions, known as alignment
X uncertainties, lead to non-zero off-diagonal elements in the
covariance matrix Cov(zg, zy).

o Incorporate the influence of multiple scattering by introducing
scattering centers, where the trajectory can bend.

o Track function: i}, = ﬁk(%,fg,ﬁ).

o Determination of %, o, and ﬁusing the method of least squares:

n
Q* = > (Fr — Jk) Cov(Ex, ) (Tr — Tr).
k=1
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Recapitulation of the previous lecture

Handling outliers and ambiguities

Handling outliers

Option 1. Iterative approach: Track fitting including outliers. Then
identify outliers from this track. Repeat track fitting excluding these
identified outliers.

Option 2. oy = dy, for & — yk| < 9, o — oo for |Zy — yi| > 0. This makes
the contribution of outliers to Q2 negligibly small.

Handling ambiguities

or = o(|Zx — Yk|) as above, including all hits.

Alternatively, perform track fitting with all possible hit combinations and
select the track with the smallest Q2.
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Recapitulation of the previous lecture

Reconstruction of pion tracks in the inner detector
O my+ & m,+ = Pion tracks are very similar to muon tracks.

o m — uv, decays are very rare in the lab frame due to time dilation.
However, because so many 7+ are produced in pp collisions, it
happens with non-negligible frequency that a charged pion decays
within the inner detector. At the decay point, the track bends.

o The size of this bend must be taken into account, at least in the size
of the hit search corridors.
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Recapitulation of the previous lecture

Reconstruction of electron tracks in the inner detector
Met K My, = Energy loss in the inner detector is not negligible!
Two effects must be considered:

o Continuous energy loss due to synchrotron radiation.

o Discrete, large energy loss due to bremsstrahlung after scattering on
atomic nuclei of the detector material.

Common Procedure. If tracks reconstructed with the standard algorithm
for pions can be associated with a cluster of energy depositions in the
electromagnetic calorimeter, these tracks are reconstructed again under
the assumption that they are electron tracks. This process takes into
account the hit search and the track model for continuous and discrete
energy loss.
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Recapitulation of the previous lecture

Determination of vertices

\b J Strahlachse
A |

Inelastische pp—Kollisionen

Position of a pp Collision: Primary vertex candidate.
Determination of a Primary Vertex Candidate

o Collection of reconstructed particle tracks that cluster along the
beam axis at a specific point.

o Determination of the precise vertex position using the method of
least squares for the tracks' distance from the vertex.

14



Recapitulation of the previous lecture

Selection of the primary vertex

| J

% —j /V Strahlachse

Inelastische pp—Kollisionen

Selection of the primary vertex

In inelastic pp collisions, tracks are typically produced at small angles with
respect to the beam axis. Therefore, in these collisions, the sum X of the
transverse momentum magnitudes of the reconstructed particle tracks is
small. This contrasts with collisions where a heavy particle is produced,
where the transverse momenta of the decay products of this particle are
large. Therefore, the primary vertex is usually selected as the primary
vertex candidate with the maximum X.
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Electron identification

Simply described

et = Inner detector tracks that can be associated with a cluster of

energy deposits in the electromagnetic calorimeter.
Properties of the cluster of energy deposits

o Lateral extension consistent with the Moli radius.

o Longitudinal extension confined to the electromagnetic calorimeter
and corresponding to the length of an electromagnetic shower for the
deposited energy in the calorimeter.

Momentum determination

o) ﬁ flight direction of the electron or positron, equal to the direction
of the electron track at the primary vertex.

o FE, electron energy, equal to the energy of the shower measured in
the calorimeter. Reason: Energy measurement (o %) is more
accurate than momentum measurement in the inner detector (x E).
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Muon identification

/F = Inner detector track that extends into the muon system.

Requirement. Energy deposited in the calorimeters near the muon is
small, as muons lose very little energy in matter.
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Identification of 7 leptons
o v, invisible. = FE, not measurable!

_~V* Hadronen, vor allem O Leptonic decay:
T " Pionen T =S e 4.+ (18%),

R TT o w0+ vr (17%).
”\ || Vr, Uy, invisible.
e, pu visible.
Decay recognizable through event
topology.
o So-called hadronic 7 decays:
7= = + 7' 4+ v (25%),
7~ =7 + 210+ v (9%).
1 pion track, highly collimated jet from calorimeter clusters.
TT =2+t v (9%),
7~ =21+t + 70+ v (5%).
3 pion tracks (one with opposite charge to the others), highly
collimated jet from calorimeter clusters.
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Missing transverse momentum

o At the high center-of-mass energies we consider, the partons of the
colliding protons interact with each other.

o Let || denote the momentum component parallel to the proton beam
axis, and L. the momentum component perpendicular to it. Then, for
the sum of the two parton momenta, we have

P1,)| +p2,|| = X1 PProton — L2 * PProton = (xl - «732) : \/g
p1,L +p21. = 0.

This means that the longitudinal momentum sum fluctuates from pp
collision to pp collision, but the transverse momentum sum always
vanishes.

o From this, it follows that the sum of the transverse momenta of all
particles in the final state of a pp collision also vanishes.

o If neutrinos (or other weakly interacting particles) appear in the final
state, this can manifest as a non-zero sum of transverse momenta.
This is referred to as missing transverse momentum or missing
transverse energy.
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Identification of photons

Ideally v = Cluster of energy deposits in the electromagnetic
calorimeter that cannot be associated with an inner
detector track.

o Properties of the cluster similar to those of electrons and positrons.

o Main background m — 7y can be suppressed by requiring that the
photon candidate does not lie within a jet.

o Non-negligible with inner detectors using semiconductor detectors:
conversion v — eTe™.
Topology:

et and e~ tracks must ha-
ve a common vertex and be
identified as electrons and
Rekonstruktion dieser Spuren nur méglich, positrons.

wenn man Treffer von auBBen nach innen
im Innendetektor sucht.
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Jet reconstruction

Quarks and gluons that are originally produced

Calorimeter-level jets | are not directly visible. Instead, the bundles of
—13 . O - I hadrons that arise from the original quarks and
- . g gluons, the so-called jets, are visible.
+ # =z £z Jet reconstruction at different levels
\\\\ // i "[ i - o Theory (at generator level): parton jets.
Hadron-leveljets | | I, o Simulation: Jets from the generated
Hadronizatiory hadrons, so-called particle jets.
oarton. l,‘t% E o Detector, experiment: Jets from the
i signals produced by the hadrons; e.g.,

energy deposits in the calorimeters or the

[o W} measured particle tracks.
==“". | 3 'EE
/

Y, Goal: Matching detector jets to parton jets.
PDF ) ,99’3 " [pDF Matching parton jets to the original
quarks and gluons.
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Requirements for jet reconstruction

Goal: Stability.

\

Partonen in fiihrender Partonen in NLO Partonenschauer Hadronen
Ordnung Stérungstheorie (LO)

Jets

The definition of a jet is inherently ambiguous and depends on the jet
algorithm used. It is crucial that the jet definition remains unchanged
under certain changes in topology.
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Infrared stability

Konfiguration mit
einem abgestrahlten
_- niederenergetischen
Teilchen

o
.\\\\‘a
O x® Infrarotinstabilitat
o
o

VN

/\x
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Collinearity stability

Ersetzen eines Teilchens durch
zwei kollineare Teilchen

Kollinearitatsinstabilitat
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Guidelines for jet algorithms

Goal: Insensitivity to detector properties.
Specifically
o Independence of jet reconstruction efficiency from detector
technology.
o Minimal impact of detector spatial and energy resolution on jet
kinematics.
o Low sensitivity to detector noise, especially on the jet energy scale.
Jet energy should not shift when the detector noise level changes.
o Low sensitivity to the number of inelastic collisions within an event.
o Low sensitivity to contributions from the proton remnants in a hard
parton collision. This is often referred to as underlying event
contribution.

Other important properties: Easy calibration of jet energy measurement;
high jet reconstruction efficiency; ability to resolve nearby jets.

25



Recursive jet reconstruction

o Definition of a measure d,, for the distance between two pparticles‘a
and b.

o Combination algorithm

o Calculate d,, for all pairs of particles to determine the minimum
distance d,,in-

o If d,.;, falls below a chosen threshold dg, combine a and b into a
single particle.

o If d,.in, > dg, consider a as a jet and remove it from the list of
particles to be paired.

e Repeat the process until d,, > dg for all pairs (a,b).

The distance measure determines the geometric shape of the jet.
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The anti-ky algorithm

Algorithm used at the LHC: Anti-kp algorithm.

Pr.a. Transverse momentum of particle a.
d(Lb

. 11 A2 o 2 2
dab ‘= min pr 7pr : R2 . Aab = (ya - yb) + (¢a - ¢b) .

R: chosen radius parameter. y: rapidity. ¢: azimuthal angle.

do,B = ﬁ: Measure of distance from the proton beam, used as dg.

Properties

o Initially pairs high-energy particles, then pairs high-energy particles
with low-energy particles. Pairs of two low-energy particles are
suppressed.

0 Jets contain at least one high-energy particle.

0 Jets resemble cone-like structures.

o Algorithm ensures infrared and collinearity stability, insensitivity to
underlying event and number of inelastic pp collisions in an event.
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b-Jet identification

o Jets originating from b-quarks contain at least one b-hadron.

o b-hadrons are long-lived. They decay at a certain distance from the
primary vertex within the jet.

o By reconstructing this decay vertex, known as the secondary vertex,
b-jets can be identified.
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Calibration example: calibration of the e/y energy scale

o The behavior of various reconstruction and identification techniques
(track reconstruction, calorimeter cluster reconstruction, electron
identification, jet reconstruction, etc.) must be validated using
experimental methods.

o Examples of such quantities include:

Reconstruction or identification efficiency.
Misreconstruction or misidentification probability.
Energy or momentum scale.

Energy or momentum resolution.

o Here we will look at the calibration of the e/’y energy scale as an
example.
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ID and electromagnetic calorimeter for e/~ detection

=l

" —
=l Solenoid
Inner detector

P ‘ e ‘;./‘_/_,.7 5
o 7, w o
= // /"
"\ |Electromagnetic calorimeter
(liquid argon, barrel)
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Electron and photon reconstruction

o 16 T T T T T T T T
< F ; 1
R [ ATLAS Simulation 1 Up to calorimeter L e :
x 14 Il Up to presampler] Q Slgnlflcant material before the
vE electromagnetic calorimeter
10
g (~ 2Xp).

= Non-negligible probability of
~v — eTe™ conversions before the
calorimeter.

o N b O
T[T T[T

= 3 topologies to consider:

Converted

Unconverted . photon

photon

Electromagnetic
calorimeter

Electron

Inner detector
Pixel/SCT detector
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Calibration of the e¢/v energy scale

Cells in
Aan 20025003 1. Cell energy calibration with test
pulses.

2. Alignment of different calorimeter
layers
) o No muon energy loss before the
Ly ECAL.
=~ = Alignment of layers 1 to 3 using
muons from Z decays.
o Relative calibration of the presampler

N \ \LL; with electrons depending on the
LAHO&"‘“‘ i cein longitudinal shower development in
1 Layer 1 the ECAL.

3. Determination of material in front of the electromagnetic calorimeter
o Measurement of material between the presampler and the first layer with
unconverted vs depending on the longitudinal shower development.
o Total material in front of the presampler is extracted from the difference in
longitudinal shower profiles of electrons and unconverted photons.

4. Global calorimeter energy adjustment with Z — ete™ decays.
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Determination of energy scale uncertainty

Verification of the e/ﬁ/ energy scale

o J/iy — ete” sensitive to the e* energy scale for Er ~ 7...35 GeV.
0 Z — ¢+t~ sensitive to the photon energy scale for Er ~ 30 GeV.

0.02

0.02~

N . o N — —_
< E e ] 2 E 3
& 0.015[ Electrons, |n|<0.60 —+ iw e: ¢ E & 0.015[ Unconverted photons 3
< E o B < E —¢— Data E
0.01~ Calibration uncertainty 0.01 Calibration uncertainty 3
0.005F- E 0.0051 | E
bt I e at. 1 E

£ L] 3 c b
-0.005f- E -0.005F E
001 3 0.01F E
0015 ATiAs \5=8 TeV,J'Ldt:zo.sfb’li 0015 At AS 5=8TeV, ILdt =203f7 o
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Total energy scale uncertainty

%2'55‘ » Unconverted y wsbees] Main sources of uncertainties

2 2 eConverted y — E

R T E o Non-linearity of energy measurement at cell

S . E level: ~ 0.1%.

g o.5i—*h - o Alignment of calorimeter layers: ~ 0.1%.

§ %05 1 15 2 2h?| o Material in front of the calorimeter: 0.1...0.3%.
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