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What will this lecture be about?
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Introduction
• Definitions and basic concepts

Input to the physics
• The data: trigger, data preparation
• The theory: Monte carlo simulations
• Reconstruction, or how to translate detector signals to particles

Physics analyses 
• Through example, step-by-step
• Discussion of analysis methods

Is there a topic you would like to add to this material?
If so: please let me know at the end of this lecture and I will see if I can add it!



LHC Physics

An analysis 
Step-by-Step



Measurements

Cross-section

Mass

Other 
properties

Searches

Bump

Tail

Physics analyses
199

¥ Allow important 
tests of the 
consistency of the 
theory.

¥ Typically limited 
by systematic 
uncertainties.

¥ … For new particles.

¥ If no signal, set limits on 
some model. 

¥ If signal, a potential 
discovery!

¥ More data typically 
improve a search.

“Systematic” 

uncertainties are 

introduced by 

inaccuracies in the 

methods used to 

perform the 

measurement.



Simple example: 
Measuring the Z0 cross-section at LHC
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¥Z0 boson decays to lepton or quark pairs

¥ We can reconstruct it in the e+e- or μ+μ- decay modes

¥Discovery and study of the Z0 boson was a critical part of  understanding          
the electroweak force.

¥And now, at the LHC?
¥ Important test of theory: does the measurement agree with the theoretical 

prediction at LHC collision energy?
¥ A standard candle for studying reconstruction and deriving calibrations.
¥ Can be used for luminosity determination!

Z0

q

q

e+/ μ+

e- / μ-



Measuring the Z0 cross-section at LHC
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Measuring the Z0 cross-section 
at LHC



Reconstructing Z0’s
203

- Identify Z decays using the invariant mass of the 2 leptons
M2 = (L1+L2)2 where Li = (Ei,pi) = 4-vector for lepton i

- Under assumption that lepton is massless compared to mass of Z0

=> M2 = 2 E1 E2 (1-cosϑ12)   where ϑ12= angle between the leptons

Step-2: Select Z0 events with ‘analysis cuts’:
- Events with 2 high momentum electrons or muons
- Require the electrons or muons are of opposite charge
- With di-lepton mass close to the Z0 mass 

(e.g. 70<ml+l-<110 GeV)

Very little background in Z0 mass region!

Z0

e+/ μ+

e- / μ-

Step-1: Identify the observable of interest
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http://www.nobelprize.org/nobel_prizes/physics/laureates/1984/rubbia-lecture.pdf

Two EM clusters with ET>25GeV.

As above plus a track with pT>7GeV 
pointing to the cluster. 
Hadronic and track isolation requirements 
applied.

A second cluster has also an isolated track.

Z->ee in UA1

A step back in time



Measuring Z0 cross-section
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Cross-section calculated for:
¥ Specific production mechanism (pp, pp, e+e-)
¥ Centre-of-Mass of the collisions (7, 8, 13 TeV at LHC)

Experimentally

Theoretically

� · BR = Number of events
↵·✏·L

N of events: N of events on data – N of expected background events
α – acceptance: fraction of events passing selection requirements
ε – efficiency: reconstruction efficiency of relevant objects
L – luminosity 
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All numbers carry uncertainties –
both “statistical” and “systematic”!



Measuring Z0 cross-section
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Measuring Z0 cross-section
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Measuring 
W cross-section
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W±

q

q’

e± / μ±

ve
±

/ μ
±

MT
2 = 2 ET1 ET2 (1-cosϑ12) 

Available in the 
transverse plane only!
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Measuring W cross-section
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Electron and Muon channel 
agree within uncertainties Measurement consistent with 

prediction within uncertainties



Measuring cross-sections
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General aim: 

find ways to reduce the uncertainties!



Analysis flow – e.g. cross-section measurement
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Physics Analysis

Compare theory and experiment

Physics Analysis

Reconstruct Electron and 
Muon candidates

Apply event selection:
1. Select events with 2 

oppositely charged 
Electrons/Muons

2. Calculate mass
3. Select events with 

mass close to Z mass

Detector & 
Trigger

Reconstruction

Simulated data

Reconstruction

Apply Good Run ListData Quality



Analysis flow – e.g. cross-section measurement
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Physics Analysis

Compare theory and experiment

Physics Analysis

Detector & 
Trigger

Reconstruction

Simulated data

Reconstruction

Data Quality
Centrally produced by 

the collaboration  

Produced by analysis 
teams, ranging in size 

(from a couple to many 
more)



Masses – recent news! (not from the LHC)
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“
This measurement,!$=80,433.5±9.4 MeV, is more precise than all previous measurements of MW combined.

A comparison with the SM expectation of !$=80,357±6 MeV […] yields a difference with a significance of 
7.0σ and suggests the possibility of improvements to the SM calculation or of extensions to the SM.
”

https://www.science.org/doi/10.1126/science.abk1781

Following up from 
discussion in class…
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What’s out there? 

Discovered:            1960         1974   2014  1978                             1983 



What “new physics” can create bumps?

Many models giving answers to the SM problems include new heavy 
particles with short lifetime that appear as resonances
• Heavy bosons e.g. in grand unified and additional gauge symmetries

• High mass states, gravitons, e.g. in ‘randall-sundrum’ models

• Heavy quark partners, excited leptons, leptoquarks

• Composite Higgs

• Dark matter candidates

217



Simple SEARCH example: 
Search for a heavy Z’

218

¥ Like Z->ee but at higher mass

Z→e+e-

Select 2 electron candidates and 
plot their invariant mass for: 
1. Data

2. Simulated

background events 

3. Simulated signal
with different masses

Data inconsistent with a 1TeV Z’

Cross-section decreases with mass

(higher the mass of the Z’, the more 

data needed to discover it)



Z→μ+μ-

Simple SEARCH example: 
Search for a heavy Z’

219

¥ And similar for muons
Select 2 electron candidates and 
plot their invariant mass for: 
1. Data

2. Simulated

background events 

3. Simulated signal
with different masses

Data inconsistent with a 1TeV Z’

Cross-section decreases with mass

(higher the mass of the Z’, the more 

data needed to discover it)



A small comparison
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Differences in:

¥Resolution 
¥Background composition
¥Dataset

e+e- μ+μ-



Evolution…
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μ+μ-e+e-

arXiv:1209.2535



Exclusion 
Limits
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Evolution…
223

μ+μ-e+e-

arXiv:1903.06248



Exclusion Limits
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High mass resonances
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inclusive di-jet ttbar resonances di-b-jet

arXiv:2108.09059arXiv:2005.05138arXiv:1910.08447



searches
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A well-known bump search
227
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LHC Physics
other searches



Another SEARCH example: 
Search for SUSY in events with 
large jet multiplicities

232

q̃

g̃

�̃0
1

p p
q̃

q
q

�̃0
2 ˜̀

�̃0
1

` `

q A"typical"SUSY""
decay"chain"

Disclaimer: 

This is only an example!
There are numerous such searches!
Each of them differs in 
• event selections, 
• background determinations, 
• methodology
Searching for new physics is fun!
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Jet 

b 
Je

t 

Event selections
b-jets



Event selections

8 jets, 0 b-jets

9 jets, ≥2 b-jets

Signal regions can range in jet pT and jet & b-jet multiplicity.

234

b-jets



Event selections
“fat-jets”

t
W±

b

q

q
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Event selections

t
W±

b
q
q
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“fat-jets”



Event selections
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“fat-jets”



Event selections

t
W±

b
q
q

238

Fat-jets are a key signature 

in searches for boosted 

objects, e.g. boosted tops.

“fat-jets”



Event selections

t
W±

b
q
q

q
q

Proposed in arXiv:1202.0558

mj (QCD) < mj (SUSY)
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“fat-jets”



Event selections
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Proposed in arXiv:1202.0558

mj (QCD) < mj (SUSY)
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“fat-jets”



Event selections

t
W±

b
q
q

q
q

Proposed in arXiv:1202.0558

M⌃
J =

nJP
i=1

mjimj (QCD) < mj (SUSY)

Signal regions can range in jet multiplicity and          cuts.

241

“fat-jets”



Event selections
“b-jet stream”

M⌃
J =

nJP
i=1

mji

Proposed in arXiv:1202.0558

ID 8j50 9j50 ≥10j50 7j80 ≥8j80

Jet |η| < 2.0

Jet pT 50 GeV 80 GeV

Jet count =8 =9 ≥10 =7 ≥8

b-jets 0 1 ≥2 0 1 ≥2 - 0 1 ≥2 0 1 ≥2

MET/√HT > 4 GeV ½

ID ≥8j50 ≥9j50 ≥10j50

Jet |η| < 2.8

Jet pT 50 GeV

Jet count ≥8 ≥9 ≥10

(GeV) >340 >420 >340 >420 >340 >420

MET/√HT > 4 GeV ½

“fat-jet stream”

Jet 

b 
Je

t 

242
An example of a search



Background determination
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where

Why MET/√HT ?
⇒ a measure of MET in units of 
standard deviations of the fake MET

HT =
P

j p
j
T

�pT
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= N
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� C
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MC DATA 
Non-hadronic ttbar & V+Jets:  
o  Use lepton VRs to validate MC. 
o  Transform them into CRs and 
include the leptons to the jet 
counting. 
o  Extrapolate from MC to data. 

MET/√HT 

nJ
et
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A 

B D 

C 

QCD & hadronic ttbar:  
o  Get MET/√HT template from low nJet [including SR MJ or b-
jet selections], 
o  Get normalization in SR using CxB/A, where all A, B and C 
are corrected for EW and ttbar contributions. 
Assumption: MET/√HT invariant to nJets. 
o  ΣET

CellOut/HT weighting done to account for soft energy. 
o  Use CRs (of lower jet multiplicity) for validation.  
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Background determination
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Why MET/√HT ?
⇒ a measure of MET in units of 
standard deviations of the fake MET

�pT
pT

= N
pT

� Sp
pT

� C

ATLAS-PERF-2011-04-001

https://cdsweb.cern.ch/record/1404277?
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ID 8j50 9j50 ≥10j50
b-jets 0 1 ≥2 0 1 ≥2 0 
Expected evts 35±4 40±10 50±10 3.3±0.7 6.1±1.7 8.0±2.7 1.37±0.35
Observed evts 40 44 44 5 8 7 3
Significance (σ) 0.7 -0.02 -0.6 0.8 0.6 -0.28 1.11

ID 7j80 ≥8j80
b-jets 0 1 ≥2 0 1 ≥2
Expected evts 11.0±2.2 17±6 25±10 0.9±0.6 1.5±0.9 3.3±2.2
Observed evts 12 17 13 2 1 3
Significance (σ) 0.05 -0.14 -1.0 0.9 -0.28 -0.06

ID ≥8j50 ≥9j50 ≥10j50
(GeV) 340 420 340 420 340 420

Expected evts 75±19 45±14 17±7 11±5 3.2±3.7 2.2±2.0
Observed evts 69 37 13 9 1 1
Significance (σ) -0.27 -0.6 -0.6 -0.34 -0.8 -0.6
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Results
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interpretations
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Real or Simplified models

¥ Simplified topologies include typically one production and one decay 
process. Provide useful information for theorists.
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Real or Simplified models

¥ Simplified topologies include typically one production and one decay 
process. Provide useful information for theorists.
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From Raw Data to Physics
Instead of summary:



Components of 
an analysis
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¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]

Components of a physics analysis
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¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]

The data and simulation samples used in the 
analysis. Data for the measurement / search, 
simulation to compare data to predictions. 

Data-set specifics:

¥Data quality ⇒ Good run list. 
¥Luminosity.

Monte Carlo sample specifics:

¥Generator, tunes.
¥Statistics.

Components of a physics analysis
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¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]

The trigger used to collect the data with. 

Trigger specifics:

¥ Prescales; typically unprescaled triggers 
are used, prescaled triggers for QCD / 
high stat measurements.

¥ Trigger (in)efficiencies.

Components of a physics analysis



258

¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]

Components of a physics analysisThe exact definition of objects 
(electrons, muon, jets, …) and how 
these are combined in selecting 
events to be analyzed.

Object definition specifics:

¥ “Flavor” of the identification 
(loose, medium, tight).

¥ Calibrations.

Event selection specifics:

¥ Event cleaning (e.g. from noise and 
cosmics). 

¥ Momentum, geom. acceptance and 
multiplicity of objects. 

¥ Higher level cuts, such as invariant 
mass. 

¥ “Signal regions”.
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¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]

Events that are imitating the 
signal we are searching for or 
measuring.

Background determination 

specifics:

¥ Can/must be data-driven or 
simulation-based.  

¥ “Validation regions” and 
“control regions” required. 
These can use different 
triggers wrt signal regions.

Components of a physics analysis
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¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]

¥ Any ‘intermediate’ measurement we 
have performed carries uncertainties 
(statistical and systematic). 

¥ “Systematic” uncertainties are 

introduced by inaccuracies in the 

methods used to perform the 

measurement.

¥ Efficiencies, acceptance, number of 
events, luminosity, cross sections used 
in Monte Carlo scaling… 

¥ Some of them are “centrally” assessed 
by the performance groups of an 
experiment. Some of them are analysis-
specific.

Components of a physics analysis
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¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]

Components of a physics analysisDealing with large data-sets, 
we use statistical methods to 
make sense of the numbers 
we measure.

Typical method:
¥ Do a fit to extract signal 

from background. 

Methodologies can vary a lot, 
but nowdays they are pretty 
unified within and across 
experiments.

Neural nets and other machine 
learning methods are broadly used, 
primarily to improve signal over 
background discrimination! 
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¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]

Produce the results in 
tables and plots. These 
include details of what is 
found in the signal region. 

Components of a physics analysis
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¥ Data-set and Monte Carlo samples

¥ Trigger

¥ Object definitions and event selections

¥ Background determination

¥ Systematic uncertainties

¥ Statistical methods

¥ Results

¥ [Interpretations]
Put the results into context: 
interpret them in theoretical models.

Components of a physics analysis
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https://xkcd.com/1838/



Good luck in your research! 
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Exciting Times coming up in HEP

Please get in touch for question, comments, 
or simply feedback on this lecture

anna.sfyrla@unige.ch


