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Getting Started
wget http://www.desy.de/~csander/Files/HEPTutorial.tgz 

tar –xvzf HEPTutorial.tgz 

cd HEPTutorial 
make 

./example.x 
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Motivation
l  Goal: This HEP Tutorial gives an introduction to ROOT based data analysis

l  Chosen example analysis: Top-Antitop cross section measurement

l  Comparison of background / signal MC
→ Motivation of cuts
→ Concepts of purity and signal e"ciency

l  Application to data: simple cross section measurement
→ Acceptance and trigger e"ciencies







Based on publicly available HEP tutorial from CMS:

http://ippog.web.cern.ch/resources/2012/cms-hep-tutorial





Outline
•  Plot the invariant di-Muon Mass and determine the Z-mass
•  Plot basic distributions of physic objects and compare  data and simulation
•  Find a selection which enriches the Top-Antitop events over the background from 

Standard Model processes. Do this on simulated events only! Never tune your 
signal selection on data!
•  Obtain acceptance and trigger e#ciencies from simulated events
•  Measure the Top-Antitop cross section from data
•  Evaluate a few systematic uncertainties
•  Measure the Top-Mass
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The Top Quark
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Why is the Top quark special?
•  It is the heaviest SM particle!
•  Coupling to  Higgs $eld (Yukawa couplings) are ~1
•  Its live time is shorter than the characteristic 

hadronization time scale
•  Tops decay before fragmentation
•  Top quark decays carry information about spin 

correlations

•  It decays exclusively in W+b
Many searches for physics beyond the SM are 
connected to top physics:
•  Searches for fourth generation quarks
•  SUSY searches (important background, but also 
$nal states with tops)
•  Z’ à ttbar …
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Top Production at the LHC
•  LHC is a Top factory
•  gg and qqbar are complementary at 

Tevatron and LHC 

“Sea” “Valence”

LHC (7 TeV) Tevatron (1.96 TeV)
gg ~80% ~15%

qqbar ~20% ~85%
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Decay Modes

Decay channels 
with leptons:
•  Low branching 

ratio L
•  Clean signature
•  Smaller 

combinatorics J
•  Smaller 

backgrounds J
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Signal and Background
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Signal: tt

Background: W+jets* Background: Z+jets*

Background: QCD

* not necessarily b-jets



b-Jets
At hadron colliders (LHC) B-hadrons are 
produced inside of jets:
•  Their lifetime (1.5ps) and
•  The Lorentz boost
à Displaced decay vertices
For example:
•  Look for displaced tracks and vertices within 

jets (b-jet tagging)
•  This tutorial: Track counting of high impact 

parameter tracks is used (e#ciency ~50%, mis-
Tag rate ~1%)
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Muons
Muons are very useful objects:
•  Detected in the muon chambers which are “shielded” by thick absorbers 

(e.g. steel return yoke)
à  Other particles have negligible probability to reach this detector
à  Very clean object ID
•  Processes with isolated muons are rare compared to QCD jet events
•  Muon chambers can be used to trigger events (low pT threshold compared 

to other objects)

•  B-mesons have signi$cant probability (~11%) to decay via
•  the electroweak interaction in light leptons + X

• à muons “inside” jets
• à suppress by isolation
• à limited amount of additional activity around muon
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Which, What, and How Much?
• Data: 50 pb-1 (~1%) of CMS datasets

•  Monte Carlo: Set of background processes are generated with full detector 
simulations

How is the information stored?

l  Flat ROOT trees of only most fundamental object/event properties:

→ No CMSSW dependence, no reconstruction details accessible  

l  4-vectors (px, py, pz, E) of leading objects

l  Jets: pT > 30 GeV; else: pT > 10 GeV

l  +Isolation (Δ∆R<0.3), +charge, +b-Tag, +Jet quality depending on object

l  MC: +event weight, +IsoMuPt24 trigger bit (for tt only), +MC truth (parton level 
of semi-leptonic tt events)



Available Samples
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Pile-Up

February 2013 HEP Data Analysis Tutorial 13

•  Very high luminosity at LHC à overlapping interactions (>50 for some events)
•  Some physics objects depend on the “pile up”, e.g. isolation of leptons
•  MC  generated with some PU distributions à reweight events to match 

distribution of number of primary vertices in data and simulation



Cross Section Measurement – Strategy
1)  Selection of signal events (here: tt) to ensure

l  High trigger e#ciency: require one isolated muon! Details later.
l  High signal acceptance = #(selected signal events)/#(all signal events) → low statistical 

uncertainties
l  High purity = #(selected signal events)/#(all selected events) → small uncertainty from 

unknown backgrounds

2)  From simulation: acceptance, purity and, trigger e#ciency
3)  Count selected data events Ndata

4)  Subtract expected background Nbackground = Ndata ( 1 – purity )
5)  Correct for acceptance and trigger e#ciency:

Nsignal,corr = ( Ndata – Nbackground ) / ( acceptance · trigger e#ciency)
6)  Cross section σsignal = Nsignal,corr / Luminosityintegrated
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Trigger E#ciency
l  Event rate of a process with cross section σ → f = σ · Linstantaneous

l  With Linstantaneous = 1034 s-1 and σtotal = 108 pb → f = 106 s-1

l  Typical recorded rate ~100 s-1 → online preselection (trigger) 
l  For the presented example: trigger on isolated muon with pT > 24 GeV
l  Online-o&ine di'erences→ Determine trigger e#ciency (e.g. from MC)

Trigger e#ciency = #(triggered and selected)/#(selected)
l  Selection not necessarily signal selection (as long as independent) → e.g. isolated muon in 

pT interval → “turn on” curve

l  To evaluate statistical uncertainties correctly:
l  Don’t use error propagation for ratio of two quantities; use binomial errors. Better: 

con$dence intervals (otherwise error for e#ciency of 1 is zero by de$nition)
TGraphAsymmErrors* g_eff = new TGraphAsymmErrors (h_SelTrig, h_Sel); 
g_eff->GetXaxis()->SetTitle("Muon p_{T} [GeV]"); 
g_eff->GetYaxis()->SetTitle("Trigger efficiency"); 
g_eff->UseCurrentStyle(); 
g_eff->Draw("AP"); 
c2->Print("Trigger_eff.pdf"); 
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Trigger “Turn On”
l  Trigger e#ciency in bins of muon pT

l  Events with two muons lead to too 
large trigger e#ciency

→ Correct: trigger matching (online to 
o&ine object)

→ Approximation: require events with 
exactly one muon

l  Turn on curve reaches plateau short 
after passing pT threshold

l  E#ciency not 1.0 at high pT 
→ Reconstruction (ID) or isolation 

ine#ciencies on trigger level
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Example: Trigger turn on for isolated muons
(iso/pT<0.05) as a function of pT



Exercise 1
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Files to Edit
The only $les to be modi$ed by you:
•  MyAnalysis.h 
•  De$ne the histograms, e.g. TH1F *h_myVariable; 
•  De$ne any auxiliary variable, e.g. event counter like int TotalEvents 

•  MyAnalysis.C 
•  Book the historgrams:
h_myVariable = new TH1F(” myVariable", "myVariable", 100, 0, 10); 

h_myVariable->SetXTitle("myVariable"); 

h_myVariable->Sumw2(); 

histograms.push_back(h_myVariable); 

histograms_MC.push_back(h_myVariable); 

•  Fill the histograms in Bool_t MyAnalysis::Process(Long64_t entry) 

•  Example.C 
•  Here the plotting is done. You have to edit only …
•  when plotting the trigger e#ciency

•  when calculating the cross section
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Exercise 1
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Exercise 2
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Exercise 2
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Exercise 2
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Exercise 3
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Exercise 3
Monte Carlo: 

Signal Number of generated events: 7928.61 

Signal Number of selected events: 253.915 

Signal Number of selected and triggered events: 214.014 

 

Signal Acceptance: 0.0320252 

Trigger efficiency:0.842856 

 

Background Number of selected and triggered events:10.3363 

Purity:0.953928 

 

Data: 

Number of selected and triggered events: 231 

Number of selected and triggered events (bg subtracted): 220.357 

Acceptance and trigg efficiency corrected yield: 8163.62 

Cross section [pb]: 163.272 
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Exercise 4
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Exercise 4
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Top Mass Measurement
•  Leptonic top decay:
l  Invariant mass of (b-jet, 

muon, and neutrino)
l  Unknown pz from 

neutrino
l  Combinatorics: two b-

jets
Hadronic decay:
l  Invariant mass (b-jet 

and two non-b-jets)
l  All momentum 

components known
l  But:

l  Worse resolution

l  Larger combinatorics
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Mass Determination – Options
l  Hadronic Mass:

l  All combinations (b + two non-b)
l  Invariant mass of two non-b jet in W-mass window (e.g. 60 … 100 GeV)

l  Leptonic Mass:
l  Assume pz of neutrino to be 0

l  All combinations (both b-jets)
l  Optional: use angular variables to enrich right combination

l  Calculate: pz of neutrino from invariant W-mass constraint
l  ( ( E, px, py, pz )muon + ( E, px, py, pz )neutrino )2 = (MW)2

l  With mneutrino = 0 → E² = px² + py² + pz² → quadratic equation in pZ (with 0, 1, or 2 
solutions)

l  Use combinations which yield smallest di'erence of leptonic and hadronic mass
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Backup



Stored Information – Jets
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Stored Information – Muons

February 2013 HEP Data Analysis Tutorial 31



Stored Information – Electrons / Photons
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Further Stored Information
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Further Stored Information
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+ the analogous information for the leptonic decay branch



Neutrino Momentum
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Neutrino Momentum
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