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Questions from past lectures
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Learning goals
Basic understanding of tracking performance


Basic understanding of calorimeters


Have a basic overview about analysis workflow in HEP


Understand the need for data reduction


Give examples for reconstruction algorithms (tracking, particle identification)


Understand event selections, be able to describe own selections


Give examples for calibration procedures


Give examples for background modelling
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Momentum resolution
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Tracks from charged track with 
 form arcs with bending radius 

R in a magnetic field B:


Lorentz force: 


Centripetal force:  
 
→ 


Note: The actual tracks forms a helix for non-
zero 


Especially for low momentum tracks, energy 
loss along the helix is non-negligible

v = βγ

FL = q(βγ)B

FZ = m(βγ)2/R

R =
γmvT

cqB
=

pT

cqB
≈

pT [GeV]

0.3qB [T]

pz

386 9 Spurrekonstruktion und Impulsmessung

B

R
p

θ

Kolanoski, Wermes 2015

Abb. 9.1 Helixbahn eines positiv ge-
ladenen Teilchens in einem Magnetfeld.
Für positive Ladungen ist der Drehsinn,
wenn man in Richtung des B-Feldes
blickt, entgegen dem Uhrzeigersinn.
Eingezeichnet ist auch der Winkel zwi-
schen dem Impuls und einer Geraden
parallel zu dem Magnetfeld.

Die Lösungen gelten trotz der nicht kovarianten Form von (9.1) auch für relativistische
Geschwindigkeiten (eine ausführliche Diskussion findet man zum Beispiel in [467]). Ein
relativistischer Effekt erscheint nur in Form des Lorentz-Faktors γ und damit in der
Zyklotronfrequenz ωB = q B/(γm), die im nicht-relativistischen Fall konstant ist (γ ≈ 1)
und im relativistischen Fall abhängig von der Energie γm ist.

Durch Integration von (9.2) ergibt sich die Teilchenbahn im Ortsraum:

x1 = vT
η ωB

sin(η ωB t+ ψ0) + x10 ,

x2 = vT
η ωB

cos(η ωB t+ ψ0) + x20 , (9.5)

nonumberx3 = v3 t+ x30 . (9.6)

Das ist die Darstellung einer Helix (Abb. 9.1), deren Projektion auf die Ebene senkrecht
zu %B einen Kreis mit dem Radius

R =
√

(x1 − x10)2 + (x2 − x20)2 = vT
ωB

= γ mvT
|q|B = pT

|q|B (9.7)

beschreibt. Für einen gegebenen Impuls ist der Radius außer von der Ladung unab-
hängig von anderen Eigenschaften des Teilchens, zum Beispiel von der Masse. Mit der
Messung von R bestimmt man die so genannte Steifigkeit (rigidity), das ist das Ver-
hältnis pT /q, woraus bei Kenntnis der Ladung der Transversalimpuls folgt. In der Teil-
chenphysik kann man in der Regel q = ±e annehmen, in anderen Gebieten, wie Kern-,
Schwerionen- oder Astroteilchenphysik, muss die Ladung unabhängig bestimmt werden.
Zum Beispiel ist der Energieverlust nach der Bethe-Bloch-Formel (3.25) proportional zur
Ladung, die daraus bei gemessenem Impuls bestimmt werden kann (siehe auch Abb. 14.8
über Teilchenidentifikation und die Beispiele in Abschnitt 16.2 über Messungen von kos-
mischer Strahlung).

Da die Komponente p3 des Impulses parallel zum Magnetfeld und der Betrag des
Transversalimpulses pT sich nicht mit der Zeit ändern, ist das Verhältnis

tan θ = pT
p3

oder sin θ = pT
p

(9.8)

eine Konstante der Bewegung. Der Winkel θ ist der Winkel zwischen augenblicklicher
Impulsrichtung und Richtung des Magnetfelds. Auf dem abgerollten Zylindermantel der
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Track curvature
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In reality one measures a few points 
(need at least three to measure a 
curvature) along a particle track to get 
the sagitta s: 
 




Sagitta is proportional to curvature 1/R

→ Uncertainty on s is proportional to uncertainty 
on R

( L
2 )

2

+ (R − s)2 = R2

→ R =
L2

8s
+

s
2

→ s ≈
L2

8R
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Example: Momentum resolution
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Typical scenario (e.g. ATLAS):

p = 1 TeV


B = 1 T


L = 4 m


q=±1








If you want a 10% momentum resolution, 
you need  
Δp/p = Δs/s ≈ 60μm

R ≈
p[GeV]

0.3qB[T]
= 1000 GeV/0.3 T ≈ 3300 m

s ≈
L2

8R
= 16 m2/(8 ⋅ 3300 m) ≈ 0.6 mm
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Momentum resolution
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Uncertainty on s for three equidistant points 
with same uncertainty σ: 
 




Uncertainty on momentum: 
 




Generalization to large number of equidistant 
points (N>10), “Gluckstern-formula”: 
 

 

s = y3 −
y1 + y2

2
→ σs = σ2 −

1
4

2σ2 =
3
2

σ

σs

s
=

σpT

pT
=

3
2

σ
8pT [GeV]

0.3qB [T]L2

σpT

pT
=

720
N + 4

σ
pT [GeV]

0.3qB [T]L2

NIM 24 (1963) 381 
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Position resolution with multiple scattering
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Simplified two-layer vertex  detector: 
 




Minimize σb:


Since  →  must be small


Make  large


Make  as small as possible


Make  and beampipe as thin as possible to 
reduce 

σ2
b = ( r1

r2 − r1
σ2)

2

+ ( r2

r2 − r1
σ1)

2

+ σ2
MS

r2 > r1 σ1

r2 − r1

r1

r1
σMS
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PINGO
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PINGO:  
Umfrage: Teilchenphysik 1 (WS 23/24) 

Zugangsnummer: 434521 

Link: https://pingo.coactum.de/events/434521 

https://pingo.coactum.de/events/434521
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PINGO: Detector optimization
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In order to improve the momentum resolution for high  tracks of a 
detector, would you invest in:


Making the tracking detector larger


Adding more detector layers


Increasing the magnetic field


Making the sensors thicker (increase efficiency)


Remove passive material (reduce multiple scattering)

pT

σpT

pT
=

720
N + 4

σ
pT [GeV]

0.3qB [T]L2
⊕

const.
B LX0
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PINGO: Detector optimization
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In order to improve the momentum resolution for high  tracks of a 
detector, would you invest in:


Making the tracking detector larger (correct answer)


Adding more detector layers


Increasing the magnetic field


Making the sensors thicker (increase efficiency)


Remove passive material (reduce multiple scattering)

pT

σpT

pT
=

720
N + 4

σ
pT [GeV]

0.3qB [T]L2
⊕

const.
B LX0



Particle Physics 1

Example Material in front of tracking detectors
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Material budget of tracking detectors 

Material in or in front of tracking detectors leads to :
  - multiple scattering
 - photon conversions
  - early start of em showers

Material budget of tracking detectors 

Material in or in front of tracking detectors leads to :
  - multiple scattering
 - photon conversions
  - early start of em showers

Belle II
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Tracking detectors: Time-projection chamber (TPC)
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Charged particles create electrons 
along path in gas-filled medium


Electrons drift long distances along 
homogenous E-field to readout 
planes


Readout-planes determine both x-y 
coordinates and arrival time → 3D 
track


Instead of gas, also liquid Argon is 
used for example in the ICARUS 
neutrino detector
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Tracking detectors: More…
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Resistive plate chambers:

Simple gas-filled detectors with very good timing resolution 
but worse position resolution (often used in muon chambers)


Emulsion cloud chambers (ECC):

Photoemulsions with not timing resolution, but excellent 3D 
position resolution and very large target mass (popular in 
neutrino detectors)


Bubble chambers


Spark chambers


Cloud chambers


…
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Calorimeters
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Mainly used interaction: pair conversion, bremsstrahlung, nuclear 
interactions


Two main detector types, both work by absorbing all particles:

Electromagnetic calorimeters (for photons and electrons) → ECAL


Hadronic calorimeters (well, for hadrons…) → HCAL


Performance metrics:

Relative energy resolution ΔE/E


Position resolution of shower center (2D or 3D)


Missing energy reconstruction


Particle identification (later)
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Calorimeter energy resolution
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High intrinsic energy resolution (large light yield, low electronics noise)


High hermiticity (no “dead” material between active detector)


Very deep calorimeters to avoid longitudinal leakage


Simplified resolution (often needs modification for very low energies and 
if reconstruction algorithms are not just suming up energy depositions)

σE

E
=

a

E[GeV]
⊕

b
E[GeV]

⊕ c

Stochastic term: 
Fluctuations Noise term Constant term 

quadratic sum: a ⊕ b = a2 + b2
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Calorimeter energy resolution
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Stochastic term:

Sampling calorimeter: Fluctuations of energy deposited in 
passive and active layers , plus:


low E photon interaction cross sections energy-dependent


energy threshold 


scattering angle and resulting path length in active material


…


Homogenous calorimeters: Usually small (often ) 
unless photon-statistics is very small (e.g. lead-glass)

∝ 1/ nvisible

∝ a/ 4 E

homogenous: absorber and signal 
generation in the same material

sampling: absorber (passive) and 
detector (active) in different materials
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Calorimeter energy resolution
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Noise term:

“equivalent noise energy” (ENE) determines minimal detectable 
energy determined by readout electronics and radiation 
backgrounds


liquid-argon calorimeter in ATLAS: b ~ 190 MeV


CsI(Tl) calorimeter in Belle II: b ~ 0.2 MeV


Constant term:

Mechanical imperfections


(Longitudinal) leakage (i.e. not all energy contained) (actually 
scales , not exactly constant)


…

∝ ln(E)
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Position resolution
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Position of a cluster is determined by the 
center of gravity of the energy depositions 
(i.e. much better than 


The particle direction is typically not 
determined by the calorimeter alone but 
by combining the cluster position and a 
known (or assumed) origin of the particle 

d/ 12

? ? ✓ Second 3D point 
required to 

reconstructed 
particle direction!
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Example: Liquid-Argon ECAL in ATLAS
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Sampling calorimeter: Lead (passive) and liquid 
argon at 80K (active)


Ionization in pure liquid Argon (26 eV per e/ion pair)


Ions drift to electrodes (~1000V)


Accordion structure to avoid gaps in detector coverage 


several layers with different segmentations


ATLAS ECAL is behind the solenoid magnet: 
Additional  in front of calorimeter!3 − 6X0
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Example: CsI(Tl) Crystal ECAL in Belle II
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Homogeneous calorimeter: Thallium-
doped CsI crystals:


Non-projective geometry


Very high light yield


Rather slow light collection (~20μs)


Positioned inside the solenoid magnet

Readout with Si photodiodes


Optimized to measure very low 
energy photons (down to 20 MeV) → 
needs small noise term, dominated by 
<1 MeV photons
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Hadron calorimeters (HCAL)
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Three main challenges:

Hadronic interaction length is (much) larger than the radiation length 
 
→ need a deeper calorimeter to collect total hadron energy


The hadronic shower consists to about 1/3 of neutral pions that decay into two 
photons 
 
→ part of the hadronic shower is purely electromagnetic


The hadronic shower contains a large fraction (20-40%) of “invisible” particles 
 
→ much worse energy resolution compared to ECAL
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Hadron calorimeters: Compensation
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Unknown electromagnetic fraction of the hadronic shower is a 
challenge: 
 

 
 
where e and h are is the respective responsive to an EM or an 
hadronic energy deposition, and fem is the electromagnetic shower 
fraction


if e ≠ h, the calorimeter itself is sensitive to fluctuations of fem


since e = e(E) the response of the calorimeter becomes non-linear 
 

Emeasured = (feme + (1 − fem)h)
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Hadron calorimeters: Compensation
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Solution is conceptually simple: make e=h 
(“compensation”)


Hardware compensation:


Decrease of em sensitivity, e. g. thicker absorber


Use hydrogen-rich active detector to increase neutron 
interaction


Increase visibly energy of neutrons by spallation (e.g. ZEUS 
Uranium HCAL) 


Software compensation:


Highly segmented calorimeter that can identify cells with low 
and high local energy depositions and weight them accordingly


Design compensation (“the dream”):


Dual read-out with very different values of e/h exploiting 
different kinematics of electrons and positrons in the EM and 
hadronic part of the shower using detector that are sensitive to 
particle velocity β
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Hadron Comparison: ATLAS and CMS
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Particle Identification: Charged Particles
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In addition to momentum, energy 
and position measurements, 
detectors must identify particle 
species:


electrons: deposit most energy in the ECAL:  
E/p ≈ 1 (in reality machine learning methods 
exploiting shower shapes in the ECAL)


muons: cross the muon chambers with little 
multiple-scattering within the muon chambers


pions vs kaons: Cerenkov angle ((A)RICH 
detectors) or time-of-propagation (TOP)


protons: very high energy loss per unit distance 
(“high dE/dx”)
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Particle Identification: Charged Particles
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Particle Identification: Neutral Particles
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FIG. 6: 2GeV µ
�, µ� event #31 (One CR, one seed, one track). The text in brackets is

detailed in Section 3.

MIP. An example shower shape is shown in Figure 6. Additional FSR photons may lead to87

an overlapping MIP signal with EM showers.88

89

In addition to the di↵erent aforementioned event topologies, it should be noted that the90

Belle II barrel ECL is charge asymmetric, i.e. the crystal axes do not point to the IP. This91

must be taken into during energy sharing calculation, correction, and calibration. Curved92

trajectories from charged particles due to the magnetic field lead to an e↵ectively longitudi-93

nally segmented calorimeter which may provide additional information when combined with94

tracking information [1].95

3. DESIGN OVERVIEW96

All module and data object names apart from ECLDigit, ECLCalDigit, EclDigitizer,97

EclUnpacker and EclDigitCalibration are suggestions only. Arrays or lists are not98

meant to describe actual C++ implementations but the concept only. All cut values are99

guesses and need further studies. There is redundant information stored in the proposed100

data objects that need to be optimized during the actual implementation.101

102

The persistent raw data object of the ECL is a 32–bit word output from each ECL103

crystal. These 32–bit encode the amplitude (18–bit), time (12–bit) and status (2–bit) of a104

9
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(a) K0
L event #9 (One CR, two seeds, no track

– the small detached energy depositions do not

exceed the seed energy requirement to form a

separate CR).
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(b) K0
L event #52 (One CR, one seed, no track).

FIG. 4: 1.5GeV K
0
L. The text in brackets is detailed in Section 3.
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(a) ⇡� event #61 (One CR, two seeds, one

track).
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(b) ⇡� event #80 (One CR, two seeds, one

track).

FIG. 5: 1.5GeV ⇡
�. The text in brackets is detailed in Section 3.

Minimal ionizing particles (MIP) like muons and some of the hadrons that do not84

interact inelastically within the crystal deposit energy almost only in crystals directly85

transversed by the particle. The most probable deposited energy is about 195MeV for a86

8
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(a) ⇡0 event #0, merged (One CR, one seed, no

track).
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(b) ⇡0 event #30 (One CR, two seeds, no

track).

FIG. 3: 2.0GeV ⇡
0. The text in brackets is detailed in Section 3.

combining two reconstructed photons. With increasing ⇡
0 energy the two photon showers66

start overlapping and eventually merge into one cluster which requires a dedicated method67

to recover these single showers as ⇡
0’s. Example shower shapes with overlapping and68

merged photons are shown in Figure 3. Overlapping photon showers share crystals but have69

separate seeds, whereas merged showers have only one seed.70

71

Neutral hadrons, mostly K
0
L and neutrons, are typically reconstructed using the KLM72

since a large fraction of them does not interact within the ECL at all (punch through).73

However, there is a fraction of these particles that interact in the ECL and the shower74

shape of these particle is irregular and not radial symmetric. Example shower shapes are75

shown in Figure 4.76

77

If charged hadrons, e.g. ⇡
±, interact within the ECL they produce irregularly shaped78

showers in addition to a tilted entry angle due to the magnetic field. If they do not interact79

inelastically (punch through), they still leave a similar signal as a muon of the same charge.80

Example shower shapes are shown in Figure 5. Additional FSR photons may lead to rather81

complicated topologies of overlapping hadron and electromagnetic (EM) showers.82

83

7
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(a) Photon event #12 (One CR, one Seed, no

track).
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(b) Photon event #49 (One CR, one Seed, no

track).

FIG. 1: 1.5GeV photon. In addition to the seed cell a 5⇥ 5 area around the seed is

marked. The text in brackets is detailed in Section 3.
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FIG. 2: 2.0GeV e
�. The text in brackets is detailed in Section 3.

FSR photon are shown in Figure 2.62

63

A large fraction of B meson decays involve ⇡
0’s with energies up to about 3GeV in64

the lab frame. Almost all ⇡
0 decay in two photons and are mostly reconstructed by65

6

“MIPs” deposits a  
known amount of 
energy in a very 
localized area.

Electrons (and 
photons) create a 
well defined 
electromagnetic 
shower

Hadrons create 
distributed showers 

with large 
fluctuations and a lot 

of missing energy

π0 decay into two 
photons that can 

overlap (“boosted 
objects”)
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Summary

29

Tracking detectors are used to determine momentum and track origins

Gas detectors provide low multiple scattering and many track hit


Solid state detectors provide superior hit resolution and radiation hardness


Calorimeters are used to measure energy depositions

Sampling calorimeters: absorber ≠ active material 


Homogeneous calorimeters: absorber = active material


In typical detector: separate electromagnetic calorimeter (ECAL) and hadronic calorimeter 
(HCAL)


Particle identification detector separate particle species by exploiting 
different interactions of different particles (e, μ, π, K, p) and (γ, hadrons)
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unnamed - looking for adoption!


(by Sarah Untereiner)
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Simulation vs reality
theory calculation

event generator

hadronization  
(quarks → hadrons)

propagation through detector

simulated electronics 
responsedetector readout

reconstruction

object calibration

user analysis

digitized and calibrated 
detector hits

software “twin”

Simulation

real experiment
Reality

compare w
ith

 th
eory

31
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Digitized raw data

detector readout

digitized and calibrated 
detector hits

real experiment
Reality

32

Example: Belle II ECAL single crystal raw data  
(one such entry for each readout crystal (~4000 per 

event, 30.000 events per second)

b[31..30] – quality flags
b[29..18] – peak time

b[17..0] – peak amplitude

b[17..0] – sample amplitude

stored for high energy 
crystals to allow hadron 

identification
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Time to publication is critical
Scientific results should be published timely after data taking


Results will inform planning for future projects (e.g. “How heavy is the lightest SUSY 
particle?”)


Results are needed as input for other results (e.g. precision branching fraction 
measurements)


External competition (same results can not be published twice)


No results (negative or positive!) → no funding


Turnaround time for data analysis is key and a limiting factor in high 
energy physics: Analysing (reading, processing, …) petabytes* of data 
is non-trivial and can take years

*LHC dataset in 2025 will approach 1 Exabyte.33
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Analysis workflow*
Fast multi-stage triggers decide which events are recorded


Reconstruction algorithms convert detector hit into physics objects 
(e.g. “tracks” or “clusters”)


Object calibration algorithms determine efficiency, fake rates, 
resolutions, systematic uncertainties, …


Skimming algorithms perform high efficiency, low purity preselections


Analysis algorithms optimise signal vs background for a specific 
analysis and extract results


Systematic uncertainties are needed for final results

* Actual names of the steps differ slightly between experiments34
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Data reduction

reconstruction

object calibration

user analysis

digitized and calibrated 
detector hits

trigger

software trigger

skimming

Feedback loops 
(for example detector alignment, jet energy, …)

Events that do not pass this step are lost forever

readout

Careful, this feedback will 
only affect future data!

“Reprocessings” triggered 
by better calibrations or 
better reconstruction 
software.

35
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Data reduction

reconstruction

object calibration

user analysis

digitized and calibrated 
detector hits

trigger

software trigger

skimming

readout

→ DST (digital summary table, 
typically ROOT)

→ mDST (mini-DST)* 
(data contains only reconstructed objects, 
typically ROOT)

→ μDST (micro-DST)* 
(data contains physics objects, 
typically ROOT)

* Actual names of the data formats differ slightly between experiments

→ rather new developments: turbo 
streams with extremely high data 
rates but no digit-level information

30 kHz output rate

typically FPGAs or ASICS

reconstruction time <2μs

10 kHz output rate

typically CPUs or GPUs

reconstruction time <1s

typically CPUs

reconstruction time <2s

example: Belle II 
several MHz

→ ntuples  
(custom data formats, today’s standard 
are so-called flat arrays HDF5 or ROOT)

physics analysis dependent preselections 
that keep a few percent of the data without 
significant loss in efficiency, e.g. “tau pair 
skim”
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Analysis workflow: who does what?
Triggers 

Reconstruction 

Object calibration 

Skimming 

Analysis


Analysis systematic 
uncertainties

Only performed once in real-time. Events that are not kept 
are lost forever.

Performed centrally by experiment’s experts on massive pre-
reserved computing resources. Depending on the computing 
model and data size, so-called “reprocessings” happen about 
once per year.

Performed locally by analysts (PhD students, post docs, …) 
using batch-clusters, HPCs or the Worldwide LHC 
Computing Grid (WLCG).
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Analysis workflow: Simulation usage
Triggers 

Reconstruction 

Object calibration 

Skimming 

Analysis


Analysis systematic 
uncertainties

Development of new algorithms

Development of new algorithms, training of multivariate 
classifiers or regressors

Development of new selections

Determination of acceptance and kinematics inputs

Development of event selections, background shapes, signal 
efficiencies, …

Find sources of systematics uncertainties, for example by 
varying B-fields in simulations and study the effects

Since simulation is used in so many places, the differences 
between simulation and reality is often a critical aspect of 
each analysis38
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Digits to objects
Detector readout digits describe individual measurements: 
Pixel detector hits, drift-times, calorimeter cell energies, …


Reconstruction algorithms are used to combine digits into objects (tracks, 
clusters, V0s) and to assign identification likelihoods to them (electron, 
hadron, photon, neutron, …)


Different philosophies in CMS and Belle II (to cope with much larger data size 
in CMS):


Belle II provides multiple hypotheses with probabilities for each object, final user decides using 
additional constraints (track fit results are different for different particle masses, calorimeter clustering 
is different for photons and hadrons)


CMS provides best hypothesis only


Some special analyses (magnetic monopoles, millicharged particles, long-
lived particles, …) may require special reconstruction

39
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Typical reconstruction task: Track finding

40

B-field B-field

Ideal Realistic
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Typical reconstruction task: Track finding

41

vertex

helix

helix

B-field

helix

B-fieldmissing hits

wrong pattern 
recognition

correct hit not 
used

helix

helix

background hits

Ideal Realistic

Track and vertex reconstrucion

vertex

wrong 
intersection
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Reconstruction: Particle identification
Typically using multiple subdetectors d (energy loss in trackers, energy deposition in ECAL, 
track propagation in muon system, …)


Information is combined in likelihoods for each particle hypothesis i 
 

 for a given set of observables x.


Global likelihood using Bayes’-theorem and a total probability of one for  
 




Depending on the analysis, a binary likelihood  can be sufficient

L =
dϵD

∏
d

Ld(x | i)

Ai = {e, μ, . . . }

P(Ai |x) =
P(x |Ai)P(Ai)

∑j P(x |Aj)P(Aj)
=

Li

∑j Lj

P(i/j |x) =
Li

Li + Lj

42
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Reconstruction: Particle identification examples

43

Example: Belle II ARICH electron vs pion

Example: ECAL 

0.2 < p ≤ 0.6 GeV

0.6 < p ≤ 1.0 GeV

p > 1.0 GeV

0.2 < p ≤ 0.6 GeV

for low momentum 
electrons, a BDT-based 
classifier improves the 

PID

https://github.com/belle2/basf2/blob/main/arich/modules/
arichReconstruction/src/ARICHReconstruction.cc 

https://github.com/belle2/basf2/blob/main/
ecl/modules/eclChargedPID/src/
ECLChargedPIDModule.cc 

https://github.com/belle2/basf2/blob/main/arich/modules/arichReconstruction/src/ARICHReconstruction.cc
https://github.com/belle2/basf2/blob/main/arich/modules/arichReconstruction/src/ARICHReconstruction.cc
https://github.com/belle2/basf2/blob/main/ecl/modules/eclChargedPID/src/ECLChargedPIDModule.cc
https://github.com/belle2/basf2/blob/main/ecl/modules/eclChargedPID/src/ECLChargedPIDModule.cc
https://github.com/belle2/basf2/blob/main/ecl/modules/eclChargedPID/src/ECLChargedPIDModule.cc
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Particle Flow
Traditional jet reconstruction (later) was done using 
calorimeters only:


→ 


poor energy resolution because 70% of jet energy in HCAL


Particle flow uses each subdetector optimally:

charged tracks in tracker, “matched” to calorimeter clusters


muon momentum in muon system


photon energy in ECAL


neutral hadron energy in HCAL (10% of jet energy) 
 
→ 


Requires high granularity (tracker and calorimeter) and strong B-field 

Ejet = EECAL + EHCAL

Ejet = ETracks + Eγ + Eneutral hadrons

44

Credit: F. Beaudette at ICHEP2010
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Event selection

45 https://github.com/belle2/basf2

https://github.com/belle2/basf2/blob/main/analysis/examples/tutorials/B2A301-Dstar2D0Pi-Reconstruction.py 

Read input file and load lists of reconstruction objects (with particle hypothesis!)
Reconstruct particles out of these charged particles

If we run on simulated data, find the corresponding MC particles

Store information to flat arrays (here: ROOT format)

https://github.com/belle2/basf2/blob/main/analysis/examples/tutorials/B2A301-Dstar2D0Pi-Reconstruction.py
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“Sandy” (by Sarah Alshamaily)
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Simulation vs reality
theory calculation

event generator

hadronization  
(quarks → hadrons)

propagation through detector

simulated electronics 
responsedetector readout

reconstruction

object calibration

user analysis

digitized and calibrated 
detector hits

software “twin”

Simulation

real experiment
Reality

compare w
ith

 th
eory
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How to get σ?

σexp =
Nsignal−Nbackground

ϵ ∫ ℒ

48
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Calibration: Luminosity

Recall definition of luminosity: 


Measured experimentally by using a physics process with very 
precisely known cross section σ that can be counted  with 
small statistical and systematic uncertainty


At  colliders a combination of  and  
(Bhabha scattering) is used, typically selected using calorimeter 
information only to reduce systematic uncertainties


At  colliders integrated luminosity typically known to <0.5% 
(offline) and <2% (almost real-time every second) 

dN
dt

= ℒσ → ∫ ℒ =
Nexp

σtheory

(dN/dt)

e+e− e+e− → γγ e+e− → e+e−

e+e−

49
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How to get σ?

σexp =
Nsignal−Nbackground

ϵ ∫ ℒ

50
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Efficiency
Very general:


Measurements of (differential) cross sections need shape and absolute value


Measurements of mass or lifetimes usually only need efficiency shape


Measurements of ratios (e.g. charge asymmetry) usually do not need efficiencies


However, some extreme precision measurements, e.g. input for g-2 are dominated by 
systematic uncertainties from efficiency differences in ratios

51



Particle Physics 1

Efficiency and purity

Definition efficiency (or sensitivity): 
TP / (TP + FN) 

“Number of all correctly reconstructed particles out 
of all real particles” → ideally 100% 

Trivial solution for high efficiency: Very loose 
selection 

Definition purity (or precision): 
TP / (TP + FP) 

“Number of all correctly reconstructed particles out 
of all reconstructed particles” → ideally 100% 

Trivial selection for very high purity: Very tight 
selection

TP 
(true positive) 

“hit”

FN 
(false negative)


type 2 error 
“miss”

FP 
(false positive) 

type 1 error 
“false alarm”

TN 
(true negative)

Tr
ue

 s
ta

te

Estimated state

P

P

N

N
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Efficiency determination
Efficiency can be determined for signal but also for different backgrounds 
(sometimes called “fake rate”)


Determine the efficiency from simulation (the correct particle is known 
here, often called “MC truth”)


if the efficiency is high, it is often easier to determine the correction to simulation, i.e. the 
efficiency difference between simulation and data


Gold standard: Data-driven techniques


Tag&Probe: Use well-known particles decaying into two particles (e.g.  or 
) 


Orthogonal selection: Use two different selection variables A and B


Kinematic selection: Use kinematic constraints and charge conservation to infer true particle 
type 

Z0 → μ+μ−

K0
S → π+π−

53
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Efficiency determination: Tag and probe
Powerful tool to determine e.g. particle identification efficiencies


Select a very pure (usually not very efficient) sample where one of the 
selected particles has no particle identification criteria applied

than elsewhere in this paper.827

0.45 0.46 0.47 0.48 0.49 0.5 0.51 0.52
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FIG. 26. The M⇡+⇡� invariant mass plot is shown with the signal component in orange and the
(very small) combinatorial background component in grey.

5.3.2. Pions: e+e� ! ⌧±(1P )⌧⌥(3P )828

a. Selection In order to estimate the ⇡ ! ` mis-identification probability, a clean829

sample of pions can be obtained from 3-prong ⌧ decays in e+e� ! ⌧+⌧� events where the830

other ⌧ decays into one charged particle. To select the desired events, only tracks for which831

|dr| < 1 cm and |dz| < 3 cm are considered. Furthermore, three charged tracks must be in832

one hemisphere while only one is in the other. The hemispheres are defined by the thrust833

vector t̂ obtained by maximising the thrust value Vthrust
max
=

P
i
|~p⇤i · t̂|P

j |~p⇤j |
, where ~p⇤ denotes the834

three-momentum in the CMS system, and the sum is over all reconstructed charged tracks.835

Additionally, the sum of all charged tracks is required to be zero, and the track on the836

1-prong side has to have an associated ECL cluster. To further suppress the background,837

a vertex fit on the 3-prong side is performed using the TreeFitter [32] algorithm. The fit is838

required to converge, and a loose cut on the fit quality of �2
prob > 0.002 is applied.839

Furthermore, a multivariate selection is performed in the two-dimensional plane spanned840

by the thrust value and the total visible energy in the CMS.841

Further selections were performed with the following variables, all defined in the CMS:842

the visible (i.e., reconstructed) energy in the event must be within the [3.2, 9.3) GeV range,843

the smallest opening angle on the 3-prong side must lie within [0.07, 0.75) rad, the smallest844

pT of any track on the 3-prong side must be in the [0.18, 1.4) GeV/c interval, the two pion845

pairs’ smallest (largest) invariant mass (selecting the ⇢0 resonance at 770MeV/c2) must be846

Mmin
⇡⇡ GeV/c2 (0.3  Mmax

⇡⇡ < 0.95 GeV/c2), the polar angle of the missing momentum must847

lie within [0.38, 2.8) rad, and the opening angle between the reconstructed tau leptons must848

lie within [1.7, 3.1) rad.849

Finally, a loose pion ID requirement on the two same-charged tracks is applied. This850

suppresses additional background, especially tau-pair events with ⌧ ! K�⇡+⇡� and ⌧ !851

K�K+⇡�, while events that would pass this selection (such as ⌧ ! ⇡�K+⇡�) are highly852

38

Example:


 : Two tracks, one with pure pion 
identification, invariant mass of the two tracks very 
close to the known  mass, two tracks coming 
from the same vertex, vertex is rather displaced, …


Next check if the track without pure particle 
identification is correctly identified as pion


Studies are often performed as function of 
momentum, direction, separation to other particles, 
data taking period, …

K0
S → π+π−

K0
S

Credit: Belle II Lepton ID Group
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Efficiency determination: Tag and probe example
(a) e+, likelihood ratio-based LID. (b) e+, BDT-based LID.

(c) e�, likelihood ratio-based LID. (d) e�, BDT-based LID.

FIG. 30. Electron identification performance in data: efficiencies and pion, kaon mis-identification
probabilities from the various channels as a function of plab in the ECL barrel region. Results for
the likelihood ratio-based LID are on the left, for the BDT-based LID are on the right. The top
row shows results for positively charged candidates, the bottom row for negatively charged ones.
The selection criterion on the respective LID variable is tuned with MC to target 95% electron
identification efficiency, uniform across bins.

methods in each bin. This uncertainty typically represents the largest per-bin systematic,961

and can be very asymmetric. A complete understanding of the cause for these biases has962

not been reached yet. However, a preliminary study to investigate the dependence of the963

LID rates on the local detector environment nearby the particle candidates is outlined later964

in Sec. 6.3 for the e+e� ! ⌧±(1P )⌧⌥(3P ) event topology.965

6.2.1. Combination of e, µ efficiency channels.966

Using the BDT-based lepton ID as benchmark, the combined efficiency corrections as a967

function of plab for e± (µ±) are presented in Fig. 34. We choose again the uniform 95%968

efficiency selection as our reference, and for conciseness, we display only results integrated969

over the barrel region. Overall, the agreement between data and MC is very good and stable970

across the analysed phase space, with deviations from unity that are typically within 5%.971

The size of the relative total uncertainty in the barrel bins is in most cases O(1%). In the972

44

Tag&Probe pions that 
are misreconstructed as 

electrons

Credit: Belle II Lepton ID Group55
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Efficiency determination: Orthogonal selection
Example: Determine ECAL trigger efficiency for events with a high 
energetic photon (i.e. something reconstructed in the ECAL)


Strategy: Select events based on information that does not rely on the 
ECAL at all*


, but only select the two muons that do not sum up to the full event energy


Require that the event is triggered by a track trigger, 


The ECAL efficiency is given by 

e+e− → μ+μ−γ

Ttrack

ϵECAL =
n(TECAL & TTrack)

n(TTrack)

* If this requirement is violated (it almost always is somewhat violated), corrections have to be applied for correlations (often from simulation)56
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Efficiency determination: Orthogonal selection (example)
all events selected by two track trigger

all events selected by a cluster trigger 
and the two track trigger

“turn on” curve 

very high 
efficiency only 
far away from 
nominal turn-on

Credit: Belle II L1 Group
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Efficiency determination: Kinematic tagging
Rule of thumb: HEP detectors are very good measuring charges of 
particles (+ or -) to 0.1% or better


“Nature’s gift” (test your PDG skills if you don’t believe me!) 
 

 and 


Select three charged particles that combine to the  mass, while two of them also 
combine to the  mass


Determine the charge of the (low momentum) leftover particle, this is pion (with very high 
purity)


If the leftover particle is positively charged, the remaining other positively charged particle is 
a Kaon; if the leftover is negatively charged, the other positively charged particle is a pion

D*+ → D̄0[ → K+π−]π+ D*− → D0[ → K−π+]π−

D*±

D0
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Efficiency determination: Kinematic tagging

Credit: Belle II Hadron ID Group
59
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Other calibrations
Many more calibrations are needed with hundreds of people working on this 
in the large HEP experiments:


Tracking efficiency and fake tracks


Alignment of detectors


Track momentum and direction resolution and bias


Photon energy and position resolution and bias


Jet energy resolution and bias


Collision energy and interaction point


Stability of calibrations over time (from seconds to days)


…
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How to get σ?

σexp =
Nsignal−Nbackground

ϵ ∫ ℒ
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Concept: Invariant mass
If the collision energy is large enough 
to produce intermediate resonances R 
on-shell (and not just as virtual 
particles):


4-momentum conservation 


Works also for more than just two particles


Long-lived resonances are so narrow 
that they produce visible 
enhancements of the cross section 
near their nominal mass (e.g. , , 

, , …) → Exercise 2

MR = M(P3 + P4)

π0 K0
S

Z0 H

62
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Analysis: Background determination
Background from simulation


Needs to be corrected for efficiency differences


Can not account for unforeseen differences 

Background taken from control channels

Physics channels that are similar to the channel under study, e.g. different charged hadrons or different 
charged leptons can be used to constrain overall normalization


Sometimes control channels have very low statistics 

Background taken from event mixing


If the background is coming from random wrong combinations of particles (e.g. ), mixing 
random particles from different events can yield a pure background sample (there is no signal in particle 
from different events per definition): 

π0 → γ1γ2

π0
mixed → γevent Aγevent B
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Analysis: Background determination
Data-driven background from the sidebands 
near the signal peak (same variable)


Shape of background sometimes determined in simulation


Only works if sidebands exist (and are not zero)


Combined fit to signal+background extrapolates 
background into the signal region 
 

More advanced method:  
sPlot (https://root.cern/doc/master/
classRooStats_1_1SPlot.html) 

64

Signal
Sideband

https://root.cern/doc/master/classRooStats_1_1SPlot.html
https://root.cern/doc/master/classRooStats_1_1SPlot.html
https://root.cern/doc/master/classRooStats_1_1SPlot.html
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Analysis: Background determination via ABCD method
Assumption: 


Two statistically independent variables f and g exist (for example the invariant mass of a two jet system and the rapidity)


Apply selection cuts on the two variables that split the parameter space in four regions


Requires low signal contamination in regions B, C, and D (absolute and relative)


Number of events in region D: 


Residual correction for correlations and signal contribution in background regions from simulation

nA =
nBnC

nD

65 Credit: https://arxiv.org/pdf/2007.14400.pdf

https://arxiv.org/pdf/2007.14400.pdf
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Simulation vs reality
theory calculation

event generator

hadronization  
(quarks → hadrons)

propagation through detector

simulated electronics 
responsedetector readout

reconstruction

object calibration

user analysis

digitized and calibrated 
detector hits

software “twin”

Simulation

real experiment
Reality

compare w
ith

 th
eory
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Examples:

• Tracking

• Particle Flow

• Particle identification

Examples:

• Efficiencies

Examples:

• Background modelling

σexp =
Nsignal − Nbackground

ϵ ∫ ℒ
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What questions do you have?

67


