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What have we learned about matter?

electron
<10"%cm

proton
(neutron)

quark
<10"%cm

nucleus
~10"2cm

atom~10%cm ~10"3cm
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Generalities of the Standard Model (SM)

Fundamental particles and their 2% T2
interactions: V(g) =—p"¢'(¢) + AMo'¢) (2)

SU(3)C ® SU(2)L ® U(l)Y7 (1) Abelian higgs potential
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Issues of the SM

o Hierarchy problem: why is the weak force 1032 times stronger than gravity?
o Corrections to the Higgs mass are of the order of the Planck mass 10'° GeV.
Y
Am} = ~52 [Afv + .. (4)

SM does not incorporate “gravity”

Why do neutrinos ve, v7, v, have mass ?

o | Dark matter | and dark energy:

Baryonic matter ~ 5.0%
D. matter ~ 27%

The multiple components that compose our universe

Current composition (as the fractions evolve with time)

Darkmatter

25%

Photons.

Emc.hmml
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o Hierarchy problem: why is the weak force 1032 times stronger than gravity?
o Corrections to the Higgs mass are of the order of the Planck mass 10'° GeV.
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@ SM does not incorporate “gravity”
e Why do neutrinos ve, v;, v, have mass ?

o | Dark matter | and dark energy:

Baryonic matter ~ 5.0%
D. matter ~ 27%
D. energy ~ 68%

The multiple components that compose our universe

Current composition (as the fractions evolve with time)

Darkmatter

25%

Photons.

Emc.hmml
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The Large Hadron Collider (LHC)

CMs

ALICE ’ LHC-b
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Figure: Sketch of the LHC. The main
experiments are: CMS, ATLAS, ALICE and
LHCb

Figure: Sketch of the acceleration chain at the
LHC
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The Large Hadron Collider (LHC)

Jet \ muon
o
¥ / neutrino
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A Top Antitop Quark Event from the
D-Zero Detector at Fermilab
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The Large Hadron Collider (LHC)

7x102 eV Beam Energy
10¥cm?s'  Luminosity
2835 Bunches/Beam
10" Protons/Bunch

T e

S = = ’-_:d;é'- —-—.)
e 7 TeV Proton Proton
@ " Bunch Crossing 4107 Hz CO"IdIng beams
e N Proton Collisions  10°Hz
L5
Parton Collisions
) T . .
New Particle Production 10° Hz
(Higgs, SUSY, ....)
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The CMS Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight + 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 ym) ~16m* ~66M channels
Overall length ~ :28.7m Microstrips (80x180 um) ~200m? ~9.6M channels
Magneticfield  :38T

SUPERCONDUCTING SOLENOID
Niobiu titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

N A . )
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What is track?
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o A tracker system is composed of a set of layers made of a semiconductor
material.
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What is track?

o A tracker system is composed of a set of layers made of a semiconductor

material.

Tracker Layers

B

@ When a charged particles passes through the layers it deposits energy. The
energy deposited in each layer is referred to as a hit.

Hits

Tracker Layers
.
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CMS Tracker System

e The CMS tracking system is composed of a
silicon-based pixel detector y a silicon-based
strip detector (tracker).

@ The pixel detector is used to reconstructed
primary and secondary vertices.

o The tracker detector is used to reconstruct
the trajectory of particles with electric
charge.
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CMS Superconducting Solenoid

e CMS has a superconducting solenoid, around the tracking system,
which provides a 3.8 T magnetic field.
o The solenoid is made of stabilised reinforced Niobium-Titanium (NbTi).
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Electronmagnetic Calorimeter

@ The electromagnetic calorimeter
is a detector used to measure the
energy of particles which
primarily have electromagnetic
interactions.

e When the trajectory of a charged Reconsmcﬁed Track

particle bends due to a magnetic
and/or electric field, photons are
emitted due to the change in its
acceleration. This effect is
commonly referred to as
Bremsstrahlung radiation.

\ (===

Tracker Layers Electromagnetic Calorimeter
=
@
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Detection of Particles

innermost layer » outermost layer

tracking electromagnetic hadronic muon
system calorimeter calorimeter  system

photons

—_—

electrons
[ ——

muons
—_—

protons
Kaons
plons

neutrons

C. Lipprmann — 2003
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The CMS Detector

I I | I ] 1 I
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= Electron
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Iran return yoke interspersed
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Transverse slice
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The ATLAS Detector

LAr hadronic end-cap and
\ forward calorimeters

Torold magnefs LAr eleciromagnefic calorimeters
Muen chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker
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Some important concepts

In particle physics, a cross section (o)
@ Cross Section represents the probability of production of
a specific process. This quantity is related
with the level of the interaction between
the beam and the target, or between two
beams, and it depends on the energy of
collisions.
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Some important concepts

@ Cross Section

© Luminosity
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Some important concepts
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@ Cross Section Punto de
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Some important concepts

——a

4 i
@ Cross Section )
@ Luminosity
@ Coordinate systems =0
Q Pseudorapidity
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Some important concepts

@ Cross Section

@ Luminosity

@ Coordinate systems
© Pseudorapidity

@ 7-gaps.

O Missing transverse momentum pr

Z p; (visible) + Z Pi (invisible)
Zpk (invisible) ij (visible)

- Z 7, (visible) (5)
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Particle Flow Algorithm - CMS
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Reconstruction of Muons

eta=08

RPC

R (cm)
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100
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Reconstruction of Muons
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Reconstruction of Muons
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Some important concepts

Q Jet
@ Partonic
® Hadronic
® Detector

Detector jet

o
[
—
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Parton jet
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Some important concepts

Q Jet

@ Partonic
® Hadronic
©® Detector

@ Jet reconstruction
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Jet Reconstruction Algorithms
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Cone Algorithms

@ The cone algorithms consider that the
particles associated with jets are located
in a canonical geometric region.

o Therefore, these algorithms cluster
particles based upon 1 — ¢ coordinates of
the jet-candidate constituents.

o Among the cone algorithms we find the
IC-PR: Iterative Cone with Progressive
Removal.
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Cone Algorithms

@ The cone algorithms consider that the
particles associated with jets are located
in a canonical geometric region.

Neutral particles ot oy

o Therefore, these algorithms cluster
particles based upon n — ¢ coordinates of =
the jet-candidate constituents. Charged particles —7 / | /

e Among the cone algorithms we find the
IC-PR: Iterative Cone with Progressive
Removal.

@ This algorithm finds the energy deposit
with the largest pr and uses it as a
seed.

@ The seed is used to set a cone around it.

@ The sum of all the energy from the
different particles is performed and the
jet axis is calculated — Jet trial.

Q If the seed axis coincides with the jet
trial axis, then the jet is considered
stable.

@ If the two axis do not match, then the
next highest energy deposit is used as
seed and the process is repeated, until
finding the best match.

R= [+ 0

Yy,

> Hadronization
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Cone Algorithms

@ The cone algorithms consider that the
particles associated with jets are located
in a canonical geometric region.

o Therefore, these algorithms cluster
particles based upon n — ¢ coordinates of
the jet-candidate constituents.

e Among the cone algorithms we find the
IC-PR: Iterative Cone with Progressive
Removal.

Q
(5]

This algorithm finds the energy deposit
with the largest pr and uses it as a
seed.

The seed is used to set a cone around it.
The sum of all the energy from the
different particles is performed and the
jet axis is calculated — Jet trial.

If the seed axis coincides with the jet
trial axis, then the jet is considered
stable.

If the two axis do not match, then the
next highest energy deposit is used as
seed and the process is repeated, until
finding the best match.

Charged particles —/ |

Reconstruction and Identification of

Neutral particles ot oy

S/

»

> Hadronization

There are other cone-based
algorithms, less popular, such as the
Iterative Cone with Split-Merge
(IC-SM) and the Seedless Infra-Red
Safe Cone(SIScone).
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@ The association of particles to construct a jet is then based on momentum-space.

e As a consequence, the jet area is not fixed in 7 — ¢ space.

o The distance among particles in a jet is defined as (the upper index ”a” labels a
different type of algorithm):
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dij = mln(ptﬂptj) X TJ?
o where Ri; = \/(ni —1;)? — (¢: — ¢;)* and "R” is a parameter that determines
de final size of the jet (it usually ranges from 0.4 - 0.7).

@ There is a second distance considered in these type of algorithms, d;p = p{;,
which is the momentum space distance between the beam axis and the particle.

o The idea behind the algorithm is to first finding the minimum distance d;;, d;r
of the entire set.

@ Once the minimum d;; has been found, then the four-vectors for particles ¢ and
j are summed and combined into one particle and the individual particles ¢ and
j are removed from the list.

@ Once d;p is found as minimum, then ¢ is labeled as a jet and removed from the
list of particles. The processes is repeated until all particles are parts of a jet.
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o Within the SJC algorithms, we find the K; algorithm
v' For the K scenario, the a = 2, so:

2
Rij
R

dij = min(p};, p7;) X

dip = p%;

v The K; algorithm prefers to cluster low momentum particles (soft) first. As a
consequence the jet area fluctuates considerably and the algorithm is affected by
UE and PU effects.
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e Within the SJC algorithms, we find the K; algorithm.

v' For the K scenario, the a = 2, so:
. RZ;
dij = min(pg;, pj;) X
dip = p%;
v The K; algorithm prefers to cluster low momentum particles (soft) first. As a
consequence the jet area fluctuates considerably and the algorithm is affected by

UE and PU effects.
V' An advantage of this algorithm is that it does a good job at resolving sub-jets.

o For the Anti— K, scenario, the a = —2.
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e Within the SJC algorithms, we find the K; algorithm.
v' For the K scenario, the a = 2, so:
. R?
dij = min(pf;, p};) X —
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v The K; algorithm prefers to cluster low momentum particles (soft) first. As a

consequence the jet area fluctuates considerably and the algorithm is affected by
UE and PU effects.
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o For the Anti— K, scenario, the a = —2.
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e Within the SJC algorithms, we find the K; algorithm.
v' For the K scenario, the a = 2, so:
. RZ;
dij = mm(Pfi,Pfj) X g
dip = p%;

v The K; algorithm prefers to cluster low momentum particles (soft) first. As a
consequence the jet area fluctuates considerably and the algorithm is affected by
UE and PU effects.

V' An advantage of this algorithm is that it does a good job at resolving sub-jets.

o For the Anti— K, scenario, the a = —2.

v’ So:
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v' Then, the Anti—K; clusters high transverse momentum particles first.
v' As a consequence, the jet area has small fluctuations which significantly reduces
UE and PU effects, with respecto to the K; algorithm.
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e Within the SJC algorithms, we find the K; algorithm.
v' For the K scenario, the a = 2, so:
. RZ;
dij = min(p;, p;) X
dip = p?;

v' The K; algorithm prefers to cluster low momentum particles (soft) first. As a
consequence the jet area fluctuates considerably and the algorithm is affected by
UE and PU effects.

V' An advantage of this algorithm is that it does a good job at resolving sub-jets.

o For the Anti— K, scenario, the a = —2.

v’ So:
R2.
di: = min(-t Ly x Zi
ij mzn(Pfi » thj ) R
dip = &
! v,
v' Then, the Anti—K; clusters high transverse momentum particles first.
v' As a consequence, the jet area has small fluctuations which significantly reduces

UE and PU effects, with respecto to the K; algorithm.
v The price one pays is that the Anti—K; algorithm is worse at resolving
jet-sub-estructure.
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SJC: Cambridge/Aachen

o For the Cambridge/Aachen scenario, the a = 0.
2

dij = éj
dip =1
o The distance variables are independent of the momentum, therefore
this algorithm is something is between the K; and Anti— K,

algorithms.
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Jets reconstruction - CMS

C CMSExeimentt G, CER

Data recorded: Sun Aug 123:18:32 2010 EDT
RunEvent 142132/ 118768330

Lumi secbon: 185

\ OrbitCrossing: 48349290 / 2286

@ Associated Tracks T
)

@ Tracks (from charged particles:
and energy deposits in the
Electromagnetic Calorimeter (EM).
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Jets reconstruction - CMS

C CMS Experiment at LHC, CERN
Data recorded: SumAug 1 23:18:32 2010887
RunEvent 142132/ 118768330

\ Lumi section: 185

@ Associated Tracks el Iuigiie- caminty

@ Tracks (from charged particles: %)
and energy deposits in the
Electromagnetic Calorimeter (EM).

@ Tracks + EM (z* + +'s)

@ Tracks + EM (:ci ++'s + neutral
hadrons (h°))

@ Tracks + EM (== + ~'s + neutral
hadrons (h?)) + Hadronic
Calorimeter (HCAL).

¢
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Jets reconstruction - CMS

i CUS Expernent 2t LHC, CERN
1| Dalarecorte SunAug 1231832 2010 EDT
| Runent 142132 1676839
\f-Lumisecton: 185

OrtitCrosing EUS290/ 286

@ Associated Tracks

@ Tracks (from charged particles: %)
and energy deposits in the
Electromagnetic Calorimeter (EM).

@ Tracks + EM (zF ++'s)

@ Tracks + EM (z* + 7's + neutral C) /
hadrons (h°))

@ Tracks + EM (xi +7's + neutral '
hadrons (h°)) + Hadronic ‘
Calorimeter (HCAL).
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Jets reconstruction - CMS

I

1| CMS Expermentat LG, CERN

(1| Datafecorde: SunAug 1 231832 2010EN]

N Rnrent 142132/ 1187683

\ Lumi section: 185
Ot Crosing EUS240/ 286

@ Associated Tracks

@ Tracks (from charged particles: %)
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@ Tracks + EM (z* + +'s)

@ Tracks + EM (z* + 7's + neutral
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Jets reconstruction - CMS
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Jets reconstruction - CMS
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@ Tracks (from charged particles: %)
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Electromagnetic Calorimeter (EM).

@ Tracks + EM (z* + +'s)
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Reconstruction of Hadronic Tau Leptons

e Taus (7) are the heaviest known

leptons: Mass 1.777 GeV. Decay moce Mesonresnance B[]

@ Because of their large mass, taus can r_}e—lim 8
decay both leptonically and T 174
hadronically. =y 115

Ty o) 260
V T b, %) %
T T =hhthy, a(1260) 98
ey 48
T - : Other modes with hadrons 32
- Allmodes containing hadrons 048
SR TR |
W 7. e o The table shows the decay branching
' _ _ fraction for taus.
\\V ) V ) u e Note that hadronic final states are
e the dominant decay modes : 64.8%.
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Reconstruction of Hadronic Tau Leptons

o The ATLAS experiment uses a multivariate analysis technique, Boosted Decision
Tree , based upon the shape of the hadronic shower and information from the
tracker system.

o ATLAS uses a version of the PF method for the reconstruction of hadronic taus
Th-

o The CMS experiment uses also Particle Flow combined with discriminators
based on Deep-Learning algorithms for the 7, reconstruction.

o [ explain the main concepts behind 7, reconstruction using the CMS algorithm
as a example.

o CMS uses the Hadron Plus Strips (HPS) algorithm for reconstruction and
identification of 77,s:

@ Reconstruction: PF charged and neutral particle candidates, compatible with the
expected signature of a 73, are combined to form a 75, candidate.

@ Identification: A set of discriminators are used to separate the 7j, candidate from
possible misidentified objets from jets, electrons and muons.

e The HPS algorithm uses a seeds jets with pr > 14 GeV and |n| < 2.5,
reconstructed with the Anti—K; algorithm.
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Tau Decay Modes

o The 71, decay modes are:
Q - - h 7w,
Q@ — h 7%,
Q@ —h hth a0u,
o Then, to properly reconstruct 7,
candidates it is important to identify
accurately neutral pions.
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convert in to a e"e” pair. This is
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Tau Decay Modes

o The 71, decay modes are:
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Q@ —h hth a0u, recomputed as:
o1 Y
e Then, to properly reconstruct 7, Nstrip = TP > PNy
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convert in to a e"e” pair. This is
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~v and electron constituents in strips
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Tau Decay Modes

o The 71, decay modes are:
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Q 7 — h 797,

Q@ —h hth a0u,
Then, to properly reconstruct 7y,
candidates it is important to identify
accurately neutral pions.
The 7° can decay to photons
(m° = ~v7) and then each v can
convert in to a e"e” pair. This is
taken into account, by clustering the
~v and electron constituents in strips
in the n — ¢ plane.
The initial position of the strip in
n — ¢ is set according to the n and ¢
of the seed electron or +.

The second electron or v with highest
pr that is near the strip, using a
window 7 X ¢, centered on the strip
location, is merged into the strip.

Reconstruction and Identification of

o The strip position is then
recomputed as:

o1 Y
MNstrip = ~strip Zan’Y
Pr
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(m° = ~v7) and then each v can
convert in to a e"e” pair. This is
taken into account, by clustering the
~v and electron constituents in strips
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The initial position of the strip in
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Tau Decay Modes
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Tau Decay Modes

@ The construction of the strip ends when no additional electrons or photons are
found within an 7 x ¢ window of size 0.05 x 0.20.

Reconstruction and Identification of December 13, 2021 33 /38



Tau Decay Modes

@ The construction of the strip ends when no additional electrons or photons are
found within an 1 x ¢ window of size 0.05 x 0.20.

@ Once the first strip is constructed, the algorithm proceeds with the next strip,
using the next highest pr v or electron.
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found within an 7 x ¢ window of size 0.05 x 0.20.

@ Once the first strip is constructed, the algorithm proceeds with the next strip,
using the next highest pr v or electron.

@ A hadronic 7, candidate is then constructed combining the strips which the
nearby tracks from charged particles. Only tracks with pr > 0.5 GeV and close
to the vertex of the charge particle with the highest pr are considered (< 0.4 cm
in the ”z” direction and < 0.03 in the transverse plane).
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Tau Decay Modes

@ The construction of the strip ends when no additional electrons or photons are
found within an 1 x ¢ window of size 0.05 x 0.20.

@ Once the first strip is constructed, the algorithm proceeds with the next strip,
using the next highest pr v or electron.

@ A hadronic 7, candidate is then constructed combining the strips which the
nearby tracks from charged particles. Only tracks with pr > 0.5 GeV and close
to the vertex of the charge particle with the highest pr are considered (< 0.4 cm
in the ”z” direction and < 0.03 in the transverse plane).

@ "A combinatorial approach is taken for constructing hadronic 7 candidates.
Multiple 7, hypotheses, corresponding to combinations of either one or three
charged particles and up to two strips, are constructed for each jet.”
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Tau Decay Modes

@ The construction of the strip ends when no additional electrons or photons are
found within an 1 x ¢ window of size 0.05 x 0.20.

@ Once the first strip is constructed, the algorithm proceeds with the next strip,
using the next highest pr v or electron.

@ A hadronic 7, candidate is then constructed combining the strips which the
nearby tracks from charged particles. Only tracks with pr > 0.5 GeV and close
to the vertex of the charge particle with the highest pr are considered (< 0.4 cm
in the ”z” direction and < 0.03 in the transverse plane).

@ "A combinatorial approach is taken for constructing hadronic 7 candidates.
Multiple 7, hypotheses, corresponding to combinations of either one or three
charged particles and up to two strips, are constructed for each jet.”

e To improve discrimination of the different hypothesis for the decay modes, the
following additional requirements are imposed:
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Tau Decay Modes

@ The construction of the strip ends when no additional electrons or photons are
found within an 7 x ¢ window of size 0.05 x 0.20.

@ Once the first strip is constructed, the algorithm proceeds with the next strip,
using the next highest pr v or electron.

@ A hadronic 7, candidate is then constructed combining the strips which the
nearby tracks from charged particles. Only tracks with pr > 0.5 GeV and close
to the vertex of the charge particle with the highest pr are considered (< 0.4 cm
in the ”z” direction and < 0.03 in the transverse plane).

@ "A combinatorial approach is taken for constructing hadronic 7 candidates.
Multiple 7, hypotheses, corresponding to combinations of either one or three
charged particles and up to two strips, are constructed for each jet.”

e To improve discrimination of the different hypothesis for the decay modes, the
following additional requirements are imposed:

@ For three prong (charged particle), hEthFhT cases: The mass for the combination
of the three charged particles must be 0.8 < M, < 1.5 GeV. The tracks are
required to come from the same vertex, by requiring Az < 0.4 cm. Additionally,
the sum of the electric charge must be one.

Reconstruction and Identification of December 13, 2021 33 /38



Tau Decay Modes

@ The construction of the strip ends when no additional electrons or photons are
found within an 7 x ¢ window of size 0.05 x 0.20.

@ Once the first strip is constructed, the algorithm proceeds with the next strip,
using the next highest pr v or electron.

@ A hadronic 7, candidate is then constructed combining the strips which the
nearby tracks from charged particles. Only tracks with pr > 0.5 GeV and close
to the vertex of the charge particle with the highest pr are considered (< 0.4 cm
in the ”z” direction and < 0.03 in the transverse plane).

@ "A combinatorial approach is taken for constructing hadronic 7 candidates.
Multiple 7, hypotheses, corresponding to combinations of either one or three
charged particles and up to two strips, are constructed for each jet.”

e To improve discrimination of the different hypothesis for the decay modes, the
following additional requirements are imposed:

@ For three prong (charged particle), hEthFhT cases: The mass for the combination
of the three charged particles must be 0.8 < M, < 1.5 GeV. The tracks are
required to come from the same vertex, by requiring Az < 0.4 cm. Additionally,
the sum of the electric charge must be one.

O For h* 7070, the mass of the 7, candidate is required to satisfy
i
04 <mq <12 V/[)/-," 100GeV .
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Tau Decay Modes

@ The construction of the strip ends when no additional electrons or photons are
found within an 7 x ¢ window of size 0.05 x 0.20.

@ Once the first strip is constructed, the algorithm proceeds with the next strip,
using the next highest pr v or electron.

@ A hadronic 7, candidate is then constructed combining the strips which the
nearby tracks from charged particles. Only tracks with pr > 0.5 GeV and close
to the vertex of the charge particle with the highest pr are considered (< 0.4 cm
in the ”z” direction and < 0.03 in the transverse plane).

@ "A combinatorial approach is taken for constructing hadronic 7 candidates.
Multiple 7, hypotheses, corresponding to combinations of either one or three
charged particles and up to two strips, are constructed for each jet.”

e To improve discrimination of the different hypothesis for the decay modes, the
following additional requirements are imposed:

@ For three prong (charged particle), hEthFhT cases: The mass for the combination
of the three charged particles must be 0.8 < mr, < 1.5 GeV. The tracks are
required to come from the same vertex, by requiring Az < 0.4 cm. Additionally,
the sum of the electric charge must be one.

O For h* 7070, the mass of the 7, candidate is required to satisfy
i
0.4 <mr, <1.24/pr/100Gel "

© For ht7%: 0.3 < m,, < 1.3,/p7/100GeV.
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o Jets from QCD processes can often be
misidentified as 75, candidates. A key aspect
to suppress the misidentification rate is
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to suppress the misidentification rate is

isolation.
e Jets from QCD are characterised for having .
1 Itiplicity of tracks, which often — Sional
a large multiplicity o , W seed track — isolation

have low pr.

not associated
with tau candidate

Reconstruction and Identification of December 13, 2021 34 /38




7 — Isolation

o Jets from QCD processes can often be
misidentified as 75, candidates. A key aspect
to suppress the misidentification rate is

isolation.
e Jets from QCD are characterised for having .
1 Itiplicity of tracks, which often — signal
a large multiplicity o , W seed track — isolation

have low pr.

o There are cut-based or MVA-based
discriminators for 7 — isolation.

not associated
with tau candidate

Reconstruction and Identification of December 13, 2021 34 /38



7 — Isolation

o Jets from QCD processes can often be
misidentified as 75, candidates. A key aspect
to suppress the misidentification rate is

isolation.
e Jets from QCD are characterised for having .
1 Itiplicity of tracks, which often — signal
a large multiplicity o , W seed track — isolation

have low pr.

o There are cut-based or MVA-based
discriminators for 7 — isolation.

o The cut-based algorithms, use the scale sum
of the pr is the tracks enclosed a a regions
referred to as the isolation cone and /
compare that energy with respect a smaller

code placed around the isolation cone. not associated
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o Jets from QCD processes can often be
misidentified as 75, candidates. A key aspect
to suppress the misidentification rate is

isolation.
e Jets from QCD are characterised for having .
1 Itiplicity of tracks, which often — signal
a large multiplicity o , W seed track — isolation

have low pr.

o There are cut-based or MVA-based
discriminators for 7 — isolation.

o The cut-based algorithms, use the scale sum
of the pr is the tracks enclosed a a regions

referred to as the isolation cone and / 0.
compare that energy with respect a smaller ' s
code placed around the isolation cone. nqthaSSOCIatzF(ij is0
with tau candidate
o Currently, CMS leans towards the MVA
approach.
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7 — Isolation

o Jets from QCD processes can often be
misidentified as 75, candidates. A key aspect
to suppress the misidentification rate is

isolation.
e Jets from QCD are characterised for having .
1 Itiplicity of tracks, which often — signal
a large multiplicity o , W seed track — isolation

have low pr.

o There are cut-based or MVA-based
discriminators for 7 — isolation.

o The cut-based algorithms, use the scale sum
of the pr is the tracks enclosed a a regions

referred to as the isolation cone and / 0.
compare that energy with respect a smaller ' s
code placed around the isolation cone. nqthaSSOCIatzF(ij is0
with tau candidate
o Currently, CMS leans towards the MVA
approach.

o The CMS MVA-based discriminant. The
main input variable for the MVA is the
impact parameters of the track with the

hichest pr.
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e A BDT discriminant is used at CMS to separate 75, candidates from electrons.
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e A BDT discriminant is used at CMS to separate 75, candidates from electrons.

@ The BDT uses variables that quantify the distribution in the energy deposits in
the ECAL detector, the amount of the bremsstrahlung radiation along the
leading track, and observables related with the number of particles that
constitute the 7, candidate. Some of the most important variables variables are:
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e A BDT discriminant is used at CMS to separate 75, candidates from electrons.

@ The BDT uses variables that quantify the distribution in the energy deposits in
the ECAL detector, the amount of the bremsstrahlung radiation along the
leading track, and observables related with the number of particles that
constitute the 7, candidate. Some of the most important variables variables are:

Q Epcar/(Fecar + Egcar)
@ Erpcar/Picad—track and EgcAL/Plead—track
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e A BDT discriminant is used at CMS to separate 75, candidates from electrons.

@ The BDT uses variables that quantify the distribution in the energy deposits in
the ECAL detector, the amount of the bremsstrahlung radiation along the
leading track, and observables related with the number of particles that
constitute the 7, candidate. Some of the most important variables variables are:

Q Epcar/(Fecar + Egcar)
© Erpcar/Picad—track and EgcAL/Plead—track

Q@ /D (An)2p). and /> (A¢)2py.
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Electron Discriminator
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e A BDT discriminant is used at CMS to separate 75, candidates from electrons.

@ The BDT uses variables that quantify the distribution in the energy deposits in
the ECAL detector, the amount of the bremsstrahlung radiation along the
leading track, and observables related with the number of particles that
constitute the 7, candidate. Some of the most important variables variables are:

@ Epcar/(Eecar + Eucat)
@ Ercar/Plead—track and EHCAL /Piead—track

Q@ /D (An)2p). and /> (A¢)2py.

© Y L,/E:
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e A BDT discriminant is used at CMS to separate 75, candidates from electrons.

@ The BDT uses variables that quantify the distribution in the energy deposits in
the ECAL detector, the amount of the bremsstrahlung radiation along the
leading track, and observables related with the number of particles that
constitute the 7, candidate. Some of the most important variables variables are:

Q Epcar/(Fecar + Egcar)
© Erpcar/Picad—track and EgcAL/Plead—track

Q@ /D (An)2p). and /> (A¢)2py.
0 YL/,
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e A BDT discriminant is used at CMS to separate 75, candidates from electrons.

@ The BDT uses variables that quantify the distribution in the energy deposits in
the ECAL detector, the amount of the bremsstrahlung radiation along the
leading track, and observables related with the number of particles that
constitute the 7, candidate. Some of the most important variables variables are:

Q Epcar/(Fecar + Egcar)
© Erpcar/Picad—track and EgcAL/Plead—track

© /> _(An)?pr and \/) (Ad)?pr.

© > /P |

e (p;:(adftrack - ploe%fdftrack)/p;?adftrack
o (Ee + Z E'Y)/pfgadftra,ck

Reconstruction and Identification of December 13, 2021 35 /38




Electron Discriminator

e
- B

e A BDT discriminant is used at CMS to separate 75, candidates from electrons.

@ The BDT uses variables that quantify the distribution in the energy deposits in
the ECAL detector, the amount of the bremsstrahlung radiation along the
leading track, and observables related with the number of particles that
constitute the 7, candidate. Some of the most important variables variables are:

Q Epcar/(Fecar + Egcar)
© Erpcar/Picad—track and EgcAL/Plead—track
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e A BDT discriminant is used at CMS to separate 75, candidates from electrons.

@ The BDT uses variables that quantify the distribution in the energy deposits in
the ECAL detector, the amount of the bremsstrahlung radiation along the
leading track, and observables related with the number of particles that
constitute the 7, candidate. Some of the most important variables variables are:

Q Epcar/(Fecar + Egcar)
© Erpcar/Picad—track and EgcAL/Plead—track

© /> _(An)?pr and \/) (Ad)?pr.

© > /P |

e (p;:(adftrack - ploe%fdftrack)/p;?adftrack
o (Ee + Z E'Y)/pfgadftra,ck

i t
o Z E’Y/(p;’gadftrack - p?:adftrack)
@ mr....among others....
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o A BDT is used at CMS to separate 7, candidates from muons.
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o A BDT is used at CMS to separate 7, candidates from muons.
@ The BDT uses the following variables a input:

@ The calorimeter energy associated with the leading track associated with the 73
candidate (ECAL and HCAL)
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o A BDT is used at CMS to separate 7, candidates from muons.
@ The BDT uses the following variables a input:

@ The calorimeter energy associated with the leading track associated with the 73
candidate (ECAL and HCAL)

@ The calorimeter energy associated in the PF algorithm with any charged particle
or pho- ton constituting the 7, candidate.

Reconstruction and Identification of December 13, 2021 36 /38



Muon Discriminator

LS
- Br

o A BDT is used at CMS to separate 7, candidates from muons.
@ The BDT uses the following variables a input:

@ The calorimeter energy associated with the leading track associated with the 73
candidate (ECAL and HCAL)

@ The calorimeter energy associated in the PF algorithm with any charged particle
or pho- ton constituting the 7, candidate.

© The fraction of pp of the leading charged particle, with respect the total pp of the
T, candidate.
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o A BDT is used at CMS to separate 7, candidates from muons.
@ The BDT uses the following variables a input:

@ The calorimeter energy associated with the leading track associated with the 73
candidate (ECAL and HCAL)

@ The calorimeter energy associated in the PF algorithm with any charged particle
or pho- ton constituting the 7, candidate.

© The fraction of pp of the leading charged particle, with respect the total pp of the
T, candidate.

© The number of track segments in the muon system reconstructed within a cone of
size AR = 0.5 around the 74, direction.
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Muon Discriminator

o A BDT is used at CMS to separate 7, candidates from muons.

@ The BDT uses the following variables a input:

]
(2]

© 6 ©

The calorimeter energy associated with the leading track associated with the 73
candidate (ECAL and HCAL)

The calorimeter energy associated in the PF algorithm with any charged particle
or pho- ton constituting the 7, candidate.

The fraction of pp of the leading charged particle, with respect the total pp of the
T, candidate.

The number of track segments in the muon system reconstructed within a cone of
size AR = 0.5 around the 74, direction.

The number of muon stations with at least one hit detected within a cone of size
AR = 0.5, centred on the 7}, direction, computed separately for DT, CSC, and
RPC detectors.
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Questions?
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Sources

@ http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08004/pdf
@ http://cdsweb.cern.ch/record/1194487/files/PFT-09-001-pas.pdf

@ http://iopscience.iop.org/article/10.1088/1742-6596/645/1/012008/pdf
@ https://arxiv.org/pdf/1510.07488.pdf

@ http://science.sciencemag.org/content/347/6226/1100/F1

@ https://www.quantumdiaries.org/2011/06/01/anatomy-of-a-jet-in-cms/

@ http://ed.fnal.gov/samplers/hsphys/old/activities’200ld/top_quark_
stud_old.html
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