Introduction to particle physics:

experimental part

** RAW data to Physics
* The road from collisions to physics publications

** From RAW data to Standard Model particles

About measuring properties of the final particles created from proton-
proton collisions

** From Standard Model particles to measurements and searches
About how we analys data using ingredients we have constructed

Large fraction of slides from A. Sfyrla lectures at CERN Summer School 2018

Prof. dr hab. Elzbieta Richter-Was
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Monte Carlo simulation — why?

@ We only build one detector.

@ How do we compromise physics due to detector design?
@ How would a different detector design affect measurements?
© How does the detector behave to radiation?

@ In the detectors we only measure voltages, currents, times.

@ It's an interpretation to say that such-and-such particle caused such-
and-such signature in the detector.

@ Simulating the detector behavior we correct for inefficiencies,
inaccuracies, unknowns.

@ We need a theory to tell us what we expect and to compare our data
against.

@ A good simulation is the way to demonstrate to the world that we
understand the detectors and the physics we are studying.



LHC simulation chain
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Monte Carlo production chain

How much processing time
needed for each step?

Event Generation
simulate the physics process. | From <1sto afew hours / event.

Detector Simulation
simulate the interaction of the

particles with the detector material. From 1 to 10min / event

Digitization
Translate interactions with detector
Into realistic signals.

Reconstruction
Go from signals back to particles,
as for real data.

From 5 to 60s / event
5



An event’s lifetime
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What do we reconstruct?

Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

Tracks and
Clusters

TRT
SCT

Combining those:
“‘objects”
(“particles™)

—




Reconstruction - figures of merit

~

/ “Reconstructed”
4 ) quantities, i.e.

“True” quantities, i.e. quantities after having
quantities at MC run detector

generator level simulation, digitization

L\/ / $onstruction /

Generator —-‘ ]—»
' I i

R

Reconstruction

T

!

|

}

1

Different magic
happens




Reconstruction - figures of merit

“true” quantity:
quantity at MC generator level.

~
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Reconstruction - goals

©)
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Why do we need magnetic field?

Small Large ot
momentum  Momentum

jfj S
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What do we reconstruct?

Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

Tracks
?-_

TRT
SCT
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Tracking in a nutshell

A track represents a measurement of a charged particle that
leaves a trajectory as it passes through the detector.

X
For a track we measure: X’

lts momentum;

It's direction;

Its charge;

Its “perigee”: the closest point to a

reference line, transverse (d,) or
longitudinal (z,).

y

Tracks are key ingredients of most of
particle reconstruction.
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Tracking in a nutshell: track fitting

@ Perfect measurement — ideal @ Imperfect measurement - reality

*

@ Small errors and more points help to constrain the possibilities

7

@ Quantitatively:

@ Parameterize the track;
@ Find parameters by Least-Squares-Minimization;
@ Obtain also uncertainties on the track parameters.
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Tracking in a nutshell: track fitting

@ For atrack we measure: X

lts momentum;
It's direction;
lts charge;

Its “perigee”: the closest point to a
reference line, transverse (d,) or
longitudinal (z,).

© © ©©

© Small uncertainties are required.

© 0d0is O(10um) and 06 O(0.1mrad).

@ Allows separation of tracks that come from differezﬁt particle decays
(which can be separated at the order of mm).
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Tracking in a nutshell: the uncertainties

@ Presence of Material

@ Coulomb scattering off the core of atoms
@ Energy loss due to ionization

@ Bremsstrahlung

@ Hadronic interaction

@ Misalighment

@ Detector elements not positions
in space with perfect accuracy.

@ Alignment corrections derived
from data and applied in track
reconstruction.

Real position // Apparent position

16



What do we reconstruct?

~ Clusters

Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

TRT
SCT
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Clustering in a nutshell

Reconstruct energy deposited in the calorimeter by charged or neutral
particles; electrons, photons and jets. A I

¢
For a cluster we measure: 0

T

<l =]=

0
The energy; o2
The position of the deposit; -

Sflojlw]lwlm]o

0
The direction of the incident particles; —%
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Calorimeters are segmented in cells.

Typically a shower created by a particle interacting with the matter
extends over several cells.

Various clustering algorithms, e.g.:

Sliding window. Sum cells within a fixed-size rectangular window.

Topo-clustering. Start with a seed cell and iteratively add to the cluster
the neighbor of a cell already in the cluster.
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CMS crystal calorimeter — ECAL clusters

@ electron energy in central crystal
in 5x5 matrix around it ~96%.




Cluster finding — an example
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Simple example of an algorithm

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

¢ Starting from the seed position, adjacent crystals are examined, scanning first in ¢

and then inn

® Along each scan line, crystals are added 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
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Cluster finding — difficulties

« Careful tuning of thresholds needed.

* 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?
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Cluster finding — topological clustering

“Topological” clusters, i.e. “blobs” of energy inside the detector.
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Cluster finding — merging and splitting

@ If clusters have common neighboring cells, they are merged according
to the basic algorithm.

P ¢
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Cluster calibration

Possible energy measurements:

@ Non-calibrated clusters: sum energy using baseline cell-level
detector calibration.

@ That's NOT the true energy of the particle that originated the cluster.
@ Local calibration: apply weights to correct for:
@ the different calorimeter response on an EM (e.g. 1% or a
hadronic (e.g. m*) deposition.
@ the low energetic deposits, lost in the tails of the shower (“out-of-
cluster” corrections, derived from simulation).

@ the presence of dead material, i.e. material without a read-out
device, where energy is lost.

@ Corrections are complex functions of the energy and the position
of the cluster and other parameters defining the cluster shapes.
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What do we reconstruct?

Simplified Detector Transverse View
Muon Spectrometer
Toroids
HadCAL

TRT
SCT

Combining those:
“‘objects”
(“particles”)

S
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Electrons and photons

Final Electron momentum Simplified Detector Transverse View
measurement can come Muon Spectrometer
from tracking or Toroids
calorimeter information HadeAaL
(or a combination of
both).

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

Often want “isolated
electrons”.

TRT
SCT

Require little
calorimeter energy or

tracks in the region
around the electron.
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Electrons and photons

Final Electron momentum (< AT LAS
measurement can come [tz
from tracking or S EXPERIMENT
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

tracks in the region
around the electron.
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Electrons and photons (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 ~10-4

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

29



Electrons and photons (backgrounds)

Information can be exploited using
- multi-variate techniques such as
B likelihood discriminants or
boosted decision trees.

e - Pzt

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

30



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

Momentum of muon determined
from bending due to magnetic field
in tracker and in muon system

————
.

with Muon chambers

Iran return yoke interspersed

Charged Hadron (e.g. Pion)
= = — - Neutral Hadron (e.g. Neutron)

Electron
= Photon

\

Superconducting

Muon

Combine measurements to get
best resolution

Need an accurate map of the
magnetic field in the reconstruction
software

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

Key:

W)

Transwerse slice
through CMS

Solenoid

Hadron

Calorirmeter

Electromagnetic
Calarimeter




Combine the muon segments found

in the muon detector with tracks
from the tracking detector

Momentum of muon determined

from bending due to magnetic field

in tracker and in muon system

* Combine measurements to get
best resolution

* Need an accurate map of the
magnetic field in the reconstr
software

« Alignment of the muon detecitg

also very important to get bes
momentum resolution

—

-----------
........

return yoke interspersed
ith Muon channbes

Electron
Charged Hadron (e.g.Pion)
= = = - Neutral Hadron (e.g. Neutron)

Muon
=== Photon
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Standard Model processes

proton - (anti)proton cross sections

o T S M Jets are produced:
il O —— T 3¢ .
10 F Tevétron LHC 410 by fragmentatlon of gluons

and (light) quarks in QCD

0 : F__,_..f; 710°
0L : ! T .
i o I scattering.
ok _ / les by decays of heavy Standard
ok o, (E" > ¥s120) T e M )
L 3" odel particles, e.g. W & Z.
£ 10¢ oy, 3 T - - : .
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© 10" Fo (> 100 GeV) TS 9 ) ]
10 [ T >s Jw @ production in Vector Boson
LI ; : 1,29 - -
0t | ? R~ Fusion, e.g. Higgs.
10° | ' .-»-""" H10° 3

In decays of beyond the

'll]";— N 10
10° 5-"""“25‘3"“{ 5 o e Standard Model particles,
e.g. in SUSY.
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!

Jet algorithms

Theoretical requirements: infrared andﬁcollinear safe.
i

]

— _ll_ S

-_— i —

...and on signal split in two
possibly below threshold

Final jet should not depend on
the ordering of the seeds...

Experimental requirements: detector technology & environment independent,
Fully specified

Soft gluon radiation
should not merge jets
easily implementable.
Insignificant effects of detector Stability with
Noise Luminosity Fast
Dead material Pile-up
Cracks Physics process
Jet algorithm commonly used at the LHC: ‘anti-k,’. A ‘recursive recombination’
algorithm. Starts from (topo-)clusters. Hard stuff clusters with nearest neighbor. Various
cone sizes (standard R=0.4/0.5, “fat” R=1.0).
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Jet calibration

Correct the energy and position measurement and the resolution.

Account for:

Instrumental effects

Detector inefficiencies
‘Pile-up’

Electronic noise

Clustering, noise suppression
Dead material losses
Detector response

Algorithm efficiency

Calorimeter

Physics effects
Algorithm efficiency
‘Pile-up’
‘Underlying event’ mp N
~ = Underlying event
(multiparton interactions)

I
jH
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Jets & pile-up

‘Jet-areas’ corrections

S 1801 ATLAS Online Luminosity =
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Multiple interactions from pile-up
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@ b-quarks have a lifetime of ~ 10-12 s.

@ They travel a small distance (fraction of mm)
before decaying.

@ A “displaced vertex” creates a distinct jet, so
b-jets can be tagged (b-tagged).

@ b-tagging uses sophisticated algorithms,
mostly multi-variate.

@ b-jets create distinct final states, important for
both Standard Model measurements and
searches for New Physics.
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Missing transverse momentum

[ Simplified Detector Transverse View
Muon Spectrometer

Toroids
HadCAL

TRT
SCT

In the transverse plane:

> pr =0
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Missing transverse momentum

Impossible to measure particles that don’t
interact in the detector.

< Instead, measure everything else & require
momentum conservation in the transverse plane.

Sensitive to pile-up and detector problems.

Only as good as its inputs.

Use calibrated physics objects: electrons,
photons, muons, taus, jets.

Add remaining soft energy.
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Particle flow

@ “Flow of particles” through the
detector.

@ Reconstruct and identify all
particles, photons, electrons,
pions, ...

2 HAD clusters
@ Use best combination of all sub-

detectors for measuring the
properties of the particles.

4 EM clusters

@ First used at LEP (ALEPH) and
then at the LHC (CMS).
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Reconstructing particles

A tau jet (signal)...
VT
jet cone B
Tau Decay Mode B.R.
Leptonic Tt>et+Vv+V 17.8%
TS +V+vV 17.4%
Hadronic | 1- T3>+ v 11%
PronNg [ 5t + v + nr° 35%
3- >3t +v 9%
PrONg [ &5 3m* + v + ni® 5%
Other 5% rr'f._ -
oo
.
@ Hadronic tau reconstruction extremely VK VS A
: ' K
challenging. f
@ Using multi-variate techniques based ¥ g ®™°
on track multiplicity and shower shapes. 9 € ®
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An event’s lifetime

Publication

Data analysis

Background

GEED §
L

= '
- "
« Relevant quantity

# events
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SPARE SLIDES



BN, b
t
b) c)
Diagrams from hitp:/farxiv.org/pdi/1201.5844 pdf
(a) (b)
q e*/u*/q
q q
Z0
’ ~ q e/u/
g g q M/q

Diagrams from hitp://arxiv.org/pdfi1004.1181.pdf
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Measuring particles

® Particles are characterized by

v’ Mass Unit: eV/c? or eV]
v’ Charge Unit: €]

v Energy Unit: eV]

v Momentum Unit: eV/c or eV]

v (+ spin, lifetime, ...)

® ... and move at relativistic speed
v 1
— "}/ —

c V1— B2

length contraption

— tof}/ time dilatation

Particle identification via
measurement of:

e.g.(E,p,Q) or (p, B,Q)
(p,m, Q) ...

13202 + m?c?

m’ch — me + Fiin

p = mypc

47



Relativistic kinematics in a nutschell




Relativistic kinematics in a nutschell

Center of mass energy

® In the center of mass frame the total momentum is O
® In laboratory frame center of mass energy can be computed as:

Ben =i = (1)~ (£7)]

Hint: it can be computed as the “length” of the total four-momentum, that is invariant:

p=(£.p) VPP

What is the “length” of a the four-momentum of a particle?
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Kinematics

2-bodies decays 3-bodies decays
p,m
171 Py My
P’ M P, M p2’ m2
Poy ity P3, Mg
E1=M2—m%+m% "
Y - 007 g ") (M - gy = o)
p1| = P2 ’ 2M
(M2 (g + mg)?) (M2 = (my - mg)?)] M2 - -
— 2M P3 ‘ P3 p_;
pi | Pz $ T
T l 7
Invariant mass
(a) (b) (c)

2 2 _
— ) = max (|ps|) (M12)min = M1 + ma2
M - \/(Z E’L) (sz) min(lﬁ[’;l) (m12)maa: =M — ms
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A real example: pion decays

ion d t rest . ¢ m;, —m; ]
pion decays at res inmost cases  |p | = —“ ¢~ 52MeV/c
m2 — m?2 muon decays 2my
i
Ipul = ——Le~30MeV/c at rest Pelmin = 0
2m
m, = 0. 6000
T A L0y T e + 7,
— e +T.+V ;:-'
5000 |- 8 o %
% ’ m2 —m? i
o Ipe| = c~T0MeV/c
) s . 2my
E 40’00 [~ ". -
3
- , .
2 3000 . E £
E - i -8 E-
8 :. . i — a
1;_ 2000 — . — ! —10 »
s #E g 3
. oI, 5 %
1000 [— : M bR s
N " s * -2
f | | | TR S LA 4
4] 10 20 30 40 50 60 70 80

Electron anergy. MeV —
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Quantity
length
charge
energy
mass

h = h/2
C

hc

mass
length

time

HEP, SI and , natural” units

HEP units S| units

| fm 1015 m

e 1.602-10°1° C

| GeV 1.602 x 10-'9 ]

| GeV/c? 1.78 x 1027 kg

6.588 x 102> GeV s 1.055 x 1034 s
2.988 x 105 fm/s 2.988 x 10® m/s
197 MeV fm

“natural” units (h =c=1)
| GeV

| GeV-!=0.1973 fm

| GeV!'=6.59x 102 s
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