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Outline	

•  Wednesday:	


–  Lecture 1: Intro to top physics and its jargon. 	

•  Historic perspective	

•  Experimental aspects	

	


•  Thursday:	

–  Lecture 2: SM top physics and the top mass	


•  Friday:	

–  Lecture 3: SM and top physics, the portal to physics searches	
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The building blocks of matter	
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The building blocks of matter	


Charge 

Charge 

Q U A R K S 

L E P T O N S 

Masses are in millions of Electron Volts [MeV/c2] 

Up 
Mass: 5 

2/3 

Down 
Mass: 8 

-1/3 

Charm 
Mass: 1,500 

Strange 
Mass: 160 

Top 

 Mass: 175,000 

Bottom 
 Mass: 4,250 

   Electron      
Mass: 0.511 

0 

1 

   Electron neutrino 

     Mass: >0  
Muon neutrino 

     Mass: >0  
   Tau neutrino 

Mass: >0  

Muon      
Mass: 105.7 

Tau  
Mass: 1,777 

Lepton and 
quark sizes 
represent 

proportional 
mass 

 
Top quark is 

heavy!!! 
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•  1989: Indirect constraints on 
top from precision 
measurements at LEP	


•  1995: Observation of Top-
quark at the TeVatron collider  
at Fermilab 	


•  Historic perspective      
indirect -> direct 
measurements -> precision  	


lower limits	


History of the top quark	


Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

t I (JP ) = 0(1
2
+)

Charge = 2
3 e Top = +1

A REVIEW GOES HERE – Check our WWW List of Reviews

t-QUARK MASSt-QUARK MASSt-QUARK MASSt-QUARK MASS

We first list the direct measurements of the top quark mass which employ
the event kinematics and then list the measurements which extract a top
quark mass from the measured t t cross-section using theory calculations.
A discussion of the definition of the top quark mass in these measurements
can be found in the review ”The Top Quark.”

OUR EVALUATION of 173.07±0.52±0.72 GeV is an average of published
top mass measurements from Tevatron Runs. The LHC experiments are
working on a combined average that should appear in the 2014 PDG edition
once the correlated uncertainties between experiments are understood.
The Tevatron average was provided by the Tevatron Electroweak Working
Group (TEVEWWG). It takes correlated uncertainties into account and

has a χ2 of 8.4 for 11 degrees of freedom.

For earlier search limits see PDG 96, Physical Review D54D54D54D54 1 (1996). We
no longer include a compilation of indirect top mass determinations from
Standard Model Electroweak fits in the Listings (our last compilation can
be found in the Listings of the 2007 partial update). For a discussion of
current results see the reviews ”The Top Quark” and ”Electroweak Model
and Constraints on New Physics.”

t-Quark Mass (Direct Measurements)t-Quark Mass (Direct Measurements)t-Quark Mass (Direct Measurements)t-Quark Mass (Direct Measurements)
The following measurements extract a t-quark mass from the kinematics of t t events.
They are sensitive to the top quark mass used in the MC generator that is usually
interpreted as the pole mass, but the theoretical uncertainty in this interpretation is
hard to quantify. See the review ”The Top Quark” and references therein for more
information.

VALUE (GeV) DOCUMENT ID TECN COMMENT

173.07± 0.52± 0.72 OUR EVALUATION173.07± 0.52± 0.72 OUR EVALUATION173.07± 0.52± 0.72 OUR EVALUATION173.07± 0.52± 0.72 OUR EVALUATION See comments in the header above.
174.5 ± 0.6 ± 2.3 1 AAD 12I ATLS "+ !ET + ≥ 4 jets ( ≥ 1 b), MT
172.85± 0.71± 0.85 2 AALTONEN 12AI CDF "+ !ET + ≥ 4j (0,1,2b) template
172.7 ± 9.3 ± 3.7 3 AALTONEN 12AL CDF τh + !ET +4j ( ≥ 1b)
172.5 ± 1.4 ± 1.5 4 AALTONEN 12G CDF 6–8 jets with ≥ 1 b
173.9 ± 1.9 ± 1.6 5 ABAZOV 12AB D0 ""+ !ET + ≥ 2j (νWT+MWT)
172.5 ± 0.4 ± 1.5 6 CHATRCHYAN12BA CMS ""+ !ET + ≥ 2j ( ≥ 1b), AMWT
173.49± 0.43± 0.98 7 CHATRCHYAN12BP CMS "+ !ET + ≥ 4j ( ≥ 2b)
172.3 ± 2.4 ± 1.0 8 AALTONEN 11AK CDF !ET + ≥ 4 jets ( ≥ 1 b-tag)
172.1 ± 1.1 ± 0.9 9 AALTONEN 11E CDF " + jets and dilepton
174.94± 0.83± 1.24 10 ABAZOV 11P D0 " + !ET + 4 jets ( ≥ 1 b-tag)
173.0 ± 1.2 11 AALTONEN 10AE CDF " + !ET + 4 jets ( ≥ 1 b-tag),

ME method
170.7 ± 6.3 ± 2.6 12 AALTONEN 10D CDF " + !ET + 4 jets (b-tag)
180.1 ± 3.6 ± 3.9 13,14 ABAZOV 04G D0 lepton + jets
176.1 ± 5.1 ± 5.3 15 AFFOLDER 01 CDF lepton + jets
167.4 ±10.3 ± 4.8 16,17 ABE 99B CDF dilepton
168.4 ±12.3 ± 3.6 14 ABBOTT 98D D0 dilepton
186 ±10 ± 5.7 16,18 ABE 97R CDF 6 or more jets

HTTP://PDG.LBL.GOV Page 1 Created: 7/12/2013 14:51



History of the top quark	


- Christian Schwanenberger -Searches for New Physics at Tevatron TOP 2012, Winchester 8

LHC:
top quark

factory

10000s of events

The Top Quark
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Top quark – special?	

	

•  Many models predict that 

top is special in order to 
explain large mass	


•  Or top quark has special 
role because of its large 
mass	

–  some more in lecture 3	
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•  Pair production in 8 TeV pp collisions:	
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Top pair production at hadron colliders	


~90%	


~10%	
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MSTW 2008 NLO PDFs (68% C.L.)

Figure 1: MSTW 2008 NLO PDFs at Q2 = 10 GeV2 and Q2 = 104 GeV2.

with broader grid coverage in x and Q2 than in previous sets.
In this paper we present the new MSTW 2008 PDFs at LO, NLO and NNLO. These sets are

a major update to the currently available MRST 2001 LO [15], MRST 2004 NLO [18] and MRST
2006 NNLO [21] PDFs. The “end products” of the present paper are grids and interpolation
code for the PDFs, which can be found at Ref. [27]. An example is given in Fig. 1, which
shows the NLO PDFs at scales of Q2 = 10 GeV2 and Q2 = 104 GeV2, including the associated
one-sigma (68%) confidence level (C.L.) uncertainty bands.

The contents of this paper are as follows. The new experimental information is summarised in
Section 2. An overview of the theoretical framework is presented in Section 3 and the treatment
of heavy flavours is explained in Section 4. In Section 5 we present the results of the global fits and
in Section 6 we explain the improvements made in the error propagation of the experimental data
to the PDF uncertainties, and their consequences. Then we present a more detailed discussion of
the description of different data sets included in the global fit: inclusive DIS structure functions
(Section 7), dimuon cross sections from neutrino–nucleon scattering (Section 8), heavy flavour
DIS structure functions (Section 9), low-energy Drell–Yan production (Section 10), W and Z
production at the Tevatron (Section 11), and inclusive jet production at the Tevatron and
at HERA (Section 12). In Section 13 we discuss the low-x gluon and the description of the
longitudinal structure function, in Section 14 we compare our PDFs with other recent sets,
and in Section 15 we present predictions for W and Z total cross sections at the Tevatron and
LHC. Finally, we conclude in Section 16. Throughout the text we will highlight the numerous
refinements and improvements made to the previous MRST analyses.

5
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Single Top production	


Moriond / EW , 2-9 Mar 2013, La Thuile, Valle d'Aosta (Italy)C. Battilana (CIEMAT)

LHC

Tevatron

Production of top quarks

3

Collider qq gg

Tevatron pp (1.96 TeV) ~85% ~15%

LHC pp (7 TeV) ~20% ~80%

tt pair production

single top production  

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

2. SINGLE TOP PRODUCTION 

 
 

66 pb 

1.05 pb 

Observation of single top production:  
 cross section � Vtb

2 

 study top-polarization and EWK top  
    interaction 
 
Test of non-SM phenomena: 

 4th generation 
 FCNC couplings 
 W� , H� 

 anomalous Wtb couplings 
 

2.08 pb 0.22 pb 

Signal � background discrimination: 
 Tevatron:  multivariate methods (neural networks, boosted  
    decision trees, matrix element method) 
 LHC:     cut-based or multivariate method  

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 
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2. SINGLE TOP PRODUCTION 

 
 

66 pb 

1.05 pb 

Observation of single top production:  
 cross section � Vtb

2 

 study top-polarization and EWK top  
    interaction 
 
Test of non-SM phenomena: 

 4th generation 
 FCNC couplings 
 W� , H� 

 anomalous Wtb couplings 
 

2.08 pb 0.22 pb 

Signal � background discrimination: 
 Tevatron:  multivariate methods (neural networks, boosted  
    decision trees, matrix element method) 
 LHC:     cut-based or multivariate method  

s-channel

t-channel
tW-channel

Collider s-channel
σtb

t-channel
σtqb

tW-channel
σtW

Tevatron pp (1.96 TeV) 1.05 pb 2.08 pb 0.22 pb

LHC pp (7 TeV) 4.63 pb 64.6 pb 15.7 pb

LHC pp (8 TeV) 5.55 pb 87.1 pb 22.2 pb

only virtual q in pp

different PDF contribution

•  Electroweak production 
of top quarks	


•  Dominant channels at 
LHC @ 8 TeV:	

–  t-channel: 87 pb	

–  tW channel: 22 pb	


–  s-channel: 5.6 pb	
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Top pair branching fractions	


B-quark identification 
used to reduce background 

= six jets 

= four jets, lepton, MET = two jets, two leptons, MET 

Freya Blekman (IIHE-VUB) 	
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Top physics: decay channel choice	

–  selection of top quark events inversely 

proportional to the complexity of the mass 
reconstruction	


Isolation signal Reconstruction 

Di-lepton Relatively easy Two neutrinos, ambiguities 

Lepton+jets Reasonable One neutrino, use missing 
transverse energy 

All-hadronic Very difficult Possibility to observe top as 
‘peak’ in invariant mass 
spectrum, no energetic 
neutrinos 



SINGLE TOP PRODUCTION	


	

	


66 pb	


1.05 pb	


Observation of single top production: 	

"   cross section ∝ Vtb

2	


"   study top-polarization and EWK top 	

    interaction	

	

Test of non-SM phenomena:	

"   4th generation	

"   FCNC couplings	

"   W’ , H±	


"   anomalous Wtb couplings	

	


2.08 pb	
 0.22 pb	


Signal – background discrimination:	

"   Tevatron:  multivariate methods (neural networks, boosted 	


	
   decision trees, matrix element method)	

"   LHC: 	
   cut-based or multivariate method 	
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How to find top quarks?	
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Top quark physics – benchmark physics	

•  To find and reconstruct 

top quarks, a fully 
operational and hermetic 
General Purpose 
Detector is needed	


•  This is why top quarks 
were used to confirm 
and check  calibrations 
and detector 
performance at the start 
of the LHC runs at 7 and 
8 TeV 	


Top events are full of objects
Jets

Leptons

b-jets

MET
2

For boosted jets 
see S. 

Fleischmann on 
Thursday
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A Toroidal Lhc ApparatuS	
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Compact Muon Solenoid	


 
 

 
 

 
 



Typical GPD coordinate system	
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Y 

Z 

+ cylindrical coordinates around Z axis	

	

Typical inputs of 4-vector:	

pT, phi, eta, E	




LHC performance	


•  ATLAS and CMS: outstanding performance during LHC 
Run 1	


•  Detector performance consistent during full run, 
sometimes even improved from between-fill repairs	


18	
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Luminosity comes at a price:Pileup	


19	


One electron	


Freya Blekman (IIHE-VUB) 	




Mean Number of Interactions per Crossing
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Pile-Up affects Objects
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✦ In-Time: multiple interactions 

from a single bunch crossing
✦ Out-of-Time: 50ns bunch 

spacing but LAr has 
250-600ns drift time

✦ Impacts essentially every object
3
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•  Outstanding LHC 
performance comes at a 
price:	


•  2011:   	

•  Run A: 5 PU	

•  Run B: 8 PU	


•  2012:     	

•  Average: 21 PU	


LHC 2012 run: Pile-Up	




Two kinds of pile-up	
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•  In-time pile-up:	

–  Multiple interactions from 

a single LHC bunch 
crossing	


•  Out-of-time pile-up:	

–  Particles from previous 

bunch – 50 ns bunch 
spacing 	


–  But detectors can have 
much longer response 
time so there might still 
be some ‘remaining’ signal 
from previous collision	




Identify pile-up	


•  Tracking and identification of 
primary vertices used to identify 
which particle belongs to which 
collision	


•  Evident for charged particles but 
more difficult for neutral 
hadrons…	


•  ATLAS uses fraction of tracks in 
jet associated with hard scatter 
interaction	
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Particle flow	
Global Event Description (Particle Flow)!

15 Maria Chamizo Llatas Higgs Quo Vadis March 2013 23	
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Particle flow in practice	


Introduction

Particle Flow Algorithm

PF combines information from
all-subdetectors prior to jet
clustering, MET calculation etc. to
reconstruct particles (hadrons,
photons, mu/e)

From these particles composite
objects (Jets, taus, MET) are
reconstructed

Big improvement in energy
resolution and tau identification

Contribution from di↵erent
detector components accessible

Widely used in top analysis

C. Diez Pardos (DESY) TOP2012, 17 September 2012 5/34

•  PF combines information from all 
subdetectors in a global event 
description	

–  reconstruct ‘particles’ such as charged/neutral 

hadrons, photons, muons, electrons	


•  These particles are used to construct 
composite objects such as jets, taus, missing 
transverse energy	

–  Reject tracks from non-leading collisions 

before creating composite objects	


–  And make assumptions for background from 
neutral particles	


•  Widely used in CMS, LHCb	

–  CMS: big improvements in energy 

resolution jets, MET, tau identification, 	


Freya Blekman (IIHE-VUB) 	
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Object reconstruction	

Top events are full of objects

Jets

Leptons

b-jets

MET
2

For boosted jets 
see S. 

Fleischmann on 
Thursday

Freya Blekman (IIHE-VUB) 	
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From pile-up?	

Electronics/
detector noise? 	


Good enough 
resolution to see 
W mass peak?	


Affected by pile-up?	

Electronics/detector noise?	

	


Background from long 
lived non-b jets?	

Increased track multiplicity 
from pile-up degrades 
performance?	


Pile-up affects 
reconstruction?	

Jets where only 
lepton seen?	

Actual fakes?	




Leptons – trigger	

•  Most important: 

trigger and get the 
events on tape	


•  Different triggers used for different 
channels	

–  ATLAS: extremely good one-lepton 

triggers	

•  pT thresholds of 20 GeV or lower	


–  CMS: strong at lepton+jets triggers	

•  pT thresholds of 24-27 GeV for single 

leptons	

•  Lower lepton pT thresholds using 

lepton+jets requirements	


–  Di-lepton triggers have low thresholds 
and high priority	


–  Multijet triggers need very stringent 
requirements and tuning to keep rate 
low	


Freya Blekman (IIHE-VUB) 	
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Trigger & Reconstruction

✦ Triggering on electrons 
in 2011

✦ ET>20 GeV ---> 22 GeV

✦ in high PU periods: 
request “hadronic core 
veto”

6

✦ Reconstruction

✦ sliding window algorithm for EM clusters

✦ match track with clusters

✦ keep conversion photons at this point to ensure high 
efficiency

Electrons
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muons	
Muons

12

•  Muons combine inner 
tracking and outer muon 
system information in 
track fit 	
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Reconstruction

✦ Fit tracks separately in the 
ID and MS

✦ Top analyses use 
combined muons

✦ |η|<2.5

✦ ID track quality cuts are 
applied

14

Muons

Leptons Muons and electrons

Muon reconstruction e�ciency

Combine di↵erent algorithms to reach a

robust and e�cient µ reconstruction, using

information from silicon tracking and muon

systems

Measure lepton identification e�ciencies

with the Tag and Probe method

Select pairs from Z resonances (covering

same kinematic phase space as muons from

top decays)

Tag lepton: Strict selection
requirements
Probe lepton: Relaxed selection,
not bias

Subtract combinatorial background with

simultaneous fit for the probes passing and

failing the selection requirements

C. Diez Pardos (DESY) TOP2012, 17 September 2012 7/34

Leptons Muons and electrons

Leptons: muons and electrons

Impact on top: e�ciency, QCD estimate & modeling

Trigger largely based on leptons

Excellent ID capabilities

⇧ Use redundancy of sub-detectors for muons
⇧ Shower shapes, H/E, conversion vetoes for electrons

Generally speaking, muons have fewer fakes than electrons, which leads to a
smaller QCD fraction

Charge mis-identification: µ (p < 1 TeV) sub-percent level, electrons at
percent level

C. Diez Pardos (DESY) TOP2012, 17 September 2012 6/34

ATLAS 

CMS 



electrons	

•  Both ATLAS and CMS 

combine info from 
tracking and (em) shower 
shape calorimeter in 
multivariate technique	


Identification
✦ acceptance: | !cl|<2.47

✦ MVA containing various calorimeter variables

✦ Track quality requirements: number of hits, d0, ratio of 
number of transition radiation  hits to total number of 
hits

✦ track matching                                                            
requirements

✦ conversion veto

7
Number of reconstructed primary vertices
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Leptons Muons and electrons

Leptons: muons and electrons

Impact on top: e�ciency, QCD estimate & modeling

Trigger largely based on leptons

Excellent ID capabilities

⇧ Use redundancy of sub-detectors for muons
⇧ Shower shapes, H/E, conversion vetoes for electrons

Generally speaking, muons have fewer fakes than electrons, which leads to a
smaller QCD fraction

Charge mis-identification: µ (p < 1 TeV) sub-percent level, electrons at
percent level

C. Diez Pardos (DESY) TOP2012, 17 September 2012 6/34

Electron isolation and efficiency !

16 Maria Chamizo Llatas Higgs Quo Vadis March 2013 

Efficiency'is'stable'in'a'
high'Pile'up'environment'

Isolation very stable with pile up!
Created summing energy deposits from individual particles ΔR=0.4 cone around the 
lepton!

Negligible contribution from charged hadrons from primary vertex!
Neutral contribution corrected using the average energy density!



electrons	

•  Both ATLAS and CMS use 

Z bosons to check 
performance for muons 
and electrons	


Identification
✦ acceptance: | !cl|<2.47

✦ MVA containing various calorimeter variables

✦ Track quality requirements: number of hits, d0, ratio of 
number of transition radiation  hits to total number of 
hits

✦ track matching                                                            
requirements

✦ conversion veto

7
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Leptons Muons and electrons

Leptons: muons and electrons

Impact on top: e�ciency, QCD estimate & modeling

Trigger largely based on leptons

Excellent ID capabilities

⇧ Use redundancy of sub-detectors for muons
⇧ Shower shapes, H/E, conversion vetoes for electrons

Generally speaking, muons have fewer fakes than electrons, which leads to a
smaller QCD fraction

Charge mis-identification: µ (p < 1 TeV) sub-percent level, electrons at
percent level

C. Diez Pardos (DESY) TOP2012, 17 September 2012 6/34

Electron isolation and efficiency !

16 Maria Chamizo Llatas Higgs Quo Vadis March 2013 

Efficiency'is'stable'in'a'
high'Pile'up'environment'

Isolation very stable with pile up!
Created summing energy deposits from individual particles ΔR=0.4 cone around the 
lepton!

Negligible contribution from charged hadrons from primary vertex!
Neutral contribution corrected using the average energy density!

Data calibration
✦ efficiency (trigger, reco, id, 

isolation):

✦ T&P of Z->ee

✦ η and pT bins

✦ Total unc. on SF is about 
2.5% (of which 1% is from 
PU)
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Leptons and pileup	


Electron isolation and efficiency !

16 Maria Chamizo Llatas Higgs Quo Vadis March 2013 

Efficiency'is'stable'in'a'
high'Pile'up'environment'

Isolation very stable with pile up!
Created summing energy deposits from individual particles ΔR=0.4 cone around the 
lepton!

Negligible contribution from charged hadrons from primary vertex!
Neutral contribution corrected using the average energy density!

Freya Blekman (IIHE-VUB) 	
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Electron efficiency 	

stable vs # vertices	


•  Substantial effort necessary 
to achieve this stability 	


Muon identification efficiency  !

18 Maria Chamizo Llatas Higgs Quo Vadis March 2013 

Efficiency'very'stable'in'a'
high'Pile'up'environment'

Efficiency'higher'than'
95%'for'pT'>'35'GeV'

Barrel  

Muon identification 
efficiency vs # vertices	




                  Isolation	

•  Since hard processes produce large angles between the final state partons and 

the beam remnant jets stay close to the beam line, the objects we are 
interested in for our studies are usually well separated or “isolated” from other 
objects in the event	


•  Isolation is applied by drawing a cone around the object of interest in η-φ 
space; adding up the extra ET in the cone (exclusive of the ET of the candidate); 
and rejecting the object if the “extra ET” is more than a certain fraction of the 
ET of the candidate	


•  Example of isolation: discriminating an isolated muon from a W from a muon 
coming from the semileptonic decay inside a b-jet  	
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Isolated 
Muon 

Non-Isolated muon 
from semi-leptonic 
decay inside a b-jet 

Freya Blekman (IIHE-VUB) 	




Jets	
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Jets

Pile Up Corrections

⇧ Pile Up: Corrections based on
two methods, Average O↵set
correction and Jet Area
Correction

Number of primary vertices
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p 
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)
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 = 8 TeVs-1CMS preliminary, L = 1.6 fb

| < 0.5η|

 R=0.5 PFlowTAnti-k

Average Offset (DATA)
Average Offset (MC)
Jet Area (DATA)
Jet Area (MC)

The pile-up dependence on NPV is very
linear for data, while MC requires a small
quadratic correction.

C. Diez Pardos (DESY) TOP2012, 17 September 2012 15/34
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Reconstruction and Selection
✦ anti-kT algorithm (R=0.4) starting from 

topological clusters (EM scale)

✦ PU subtraction scheme at EM scale for both 
in-time and out-of-time

✦ correction depends on Nvtx, " and #
✦ hadronic scale correction applied using MC 

pT and η

✦ Selection:

✦ reject bad jets (hardware problems, beam-
gas interactions, cosmic rays)

✦ Most analyses require |JVF|>0.75 (scale 
factor ensures agreement data-MC)

✦ Jet Vertex Fraction: quantifies the fraction of track pT 
associated to the jet coming from the hard-scattering 
interaction 

21

Jets

•  For most analyses, CMS and ATLAS 
use anti-kT jets with a distance 
parameter d	

–  ATLAS : d=0.4	

–  CMS: d=0.5	


•  ATLAS relies on outstanding quality 
of calorimeter to get good jet 
performances	


•  CMS Particle flow algorithm allows 
very good agreement between data 
and MC with small uncertainties and 
good resolution	


•  Both experiments carefully correct 
for pile-up vertices	




Jets - CMS	

•  CMS has need for very detailed 

understanding of fraction of different 
particles per jet and fraction of pile-up 
particles in jet as these are subtracted by 
the particle flow algorithm 	


Freya Blekman (IIHE-VUB) 	
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Jets

Jets in CMS

PFJets, reconstructed with anti-kT algorithm (Cone 0.5)

Well calibrated jets are important for any analysis

Factorized approach for jet
calibration in CMS

1. O↵set corrections for pile-up
and electronic noise

2. Corrections for detector
calibration and reconstruction
e�ciencies from MC

3. relative residual corrections for
⌘ dependence (data based)

4. residual corrections to
absolute pT (data based) Impact on mass measurement,

cross-section, on total syst. uncertainty
JES uncertainty <2% for most of the pT range, JER about 10%

C. Diez Pardos (DESY) TOP2012, 17 September 2012 14/34

Jets

Jet Energy Corrections for detector e↵ects

⇧ ⌘ and pT corrections derived from QCD MC sample

⇧ Reconstructed jet pT corrected to generator jet (
precoT

pgenT
)

Before corrections PU corrections PU+MC truth

Closure test at unity over whole kinematic range
C. Diez Pardos (DESY) TOP2012, 17 September 2012 16/34



               b-quark jets	


34	


•  Methods for discrimination	

–  Impact parameter based	


•  Track counting high efficiency	

•  Track counting high purity	

•  Jet probability	

•  Jet B probability	


–  Secondary vertices	

•  Simple secondary vertex	

•  Combined secondary vertex	


–  Lepton based algorithms	

•  Soft muon by PTrel	

•  Soft muon by IP signficance	

•  Soft electron	


–  Combined algorithm	

•  Combined MVA	


Discriminants of b jets from light quark or 
gluon jets based on 	


§  Long lifetime of b-hadrons in them 	

§  τ= 1.512 x 10-12 s, cτ = 455.4 µm	


§  High masses 	

§  High fraction of semi-leptonic decays	


§  ~10% e, µ (and from charm)	

§  Hard fragmentation	


L=<γcτ>	

θ~1/γ	

σL∼1/
θ∼γ	


L/σL ~ independent of p of B 
Impact parameter ~1/2πcτ independent of p 

Impact 
parameter 

Freya Blekman (IIHE-VUB) 	




Jets with b-tagging	

§  Long lifetime of b-hadrons in 

b-jets 	


§  τ= 1.512 x 10-12 s	


§  cτ = 455.4 µm	


•  Combination of lifetime 
information in MVA	


•  Efficiency measured in 
top and QCD events 
(data) using multiple 
methods	


Freya Blekman (IIHE-VUB) 	
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Missing ET	

•  Particle flow extremely powerful 

approach for missing ET 
reconstruction	


•  Missing ET sensitivity to PU 
irreducible	

–  But well reproduced in MC	


Freya Blekman (IIHE-VUB) 	
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On the momentum of top quarks	
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•  Once boost of top 
quarks high enough	


•  Decay products become 
collimated	

–  W->qq in one jet	

–  Or t->bqq in one jet	


•  Special reconstruction 
algorithms needed	


Freya Blekman (IIHE-VUB) 	
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Jets with substructure	
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Jets with substructure	
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Validation in lepton+jets events	
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•  Algorithm validated using muon+jets selection	


•  Data shows that W boson and top quark (using di-jet 
events) can be reconstructed this way and is 
reasonably well modeled	
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Important: parton density functions 
determine all LHC cross sections!	


Proton structure probe
Neutral current Deep Inelastic Scatter-
ing (DIS) cross section:

d2σ±

dxdQ2 =
2πα2Y+
Q4x

σ±r =

=
2πα2Y+
Q4x

[

F2(x,Q2) −
y2

Y+
FL(x,Q2) ∓

Y−
Y+
xF3

]

where factors Y± = 1 ± (1 − y)2 and
y2 define polarisation of the exchanged
boson and y = Q2/(S x).

Kinematics is determined by Q2 and Bjorken x.
At leading order:

F2 = x
∑

e2
q(q(x) +  q(x))

xF3 = x
∑

2eqaq(q(x) −  q(x))
σ+CC ∼ x(  u +  c) + x(1 − y)2(d + s)
σ−CC ∼ x(u + c) + x(1 − y)2(  d +  s)

xg(x) — from F2 scaling violation, jets and FL
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2
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For most 
processes, LHC 
essentially is a gg 
collider	




LHC: Top quark pair factory	

•  Cross sections ~225 pb 	

•  In combination with 20 /fb 

datasets:	

–  LHC is a top factory	


–  Very productive program 
of Standard Model 
precision top physics	
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Top pair production	


Freya Blekman (IIHE-VUB) 	
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228 ±9 ±11 ±10 pb  
(ICHEP’12 prelim) 

7 TeV dominated by  
162 ±2 ±5 ±4 pb 
(JHEP 11 (2012) 067) 

Production cross section overview 



Top cross sections	

•  Good benchmark to explain basic strategies in 

top physics and see main backgrounds	

•  Chosen result: ATLAS CONF-2012-149	


•  This is an analysis that uses the kinematical 
quantities of events with one lepton and (at 
least) 3 jets, including one b-tagged jet, to 
derive the total number of top quark events in 
the sample	

– And from that the production cross section	


Freya Blekman (IIHE-VUB) 	
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Event quantities	
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Figure 3: Missing transverse energy (a), transverse W mass (b), and electron ET (c) distributions in the

e+jets channel. The distributions in the data (dots) are compared to the model expectations, which in-

clude both signal and background processes. The hatched bands display the combined expected statistical

and systematic uncertainty.
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Figure 4: Missing transverse energy (a), transverse W mass (b), and muon pT (c) distributions in the

µ+jets channel. The distributions in the data (dots) are compared to the model expectations, which in-

clude both signal and background processes. The hatched bands display the combined expected statistical

and systematic uncertainty.
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• the appropriate single-electron or single-muon trigger fired;

• a primary vertex reconstructed from at least five tracks;

• at least three jets with pT > 25 GeV and |η| < 2.5;

• a reconstructed electron with ET > 40 GeV or muon of pT > 40 GeV matching the corresponding
high level trigger object;

• no second lepton (reconstructed electron with ET > 25 GeV or muon with pT > 25 GeV);

• in the e+jets channel: Emiss
T
> 30 GeV and the transverse mass of theW boson1 mT(W) > 30 GeV;

• in the µ+jets channel: Emiss
T
> 20 GeV and mT(W) + E

miss
T
> 60 GeV;

• at least one selected jet in the event must be identified as a b-jet.

Compared to the previous analyses [1, 26] the electron ET and muon pT cuts were increased to control

the multijet background.

The number of events observed in data and expected yield of events based on simulation are summa-

rized in Table 1.

Table 1: The numbers of expected events from signal and backgrounds and numbers of events observed in

data. The multijet uncertainty is assumed to be 50%. All other uncertainties are derived using theoretical

cross section uncertainties only.

e+≥3 jets µ+≥3 jets
tt̄ 31000+2900−3100 44000±4000
W+jets 5700±2400 9000±4000
Multijet 1900± 900 1100± 500
Z+jets 1400± 600 1200± 500
Single top 3260± 160 4610± 230
Dibosons 115± 6 158± 8
Total Expected 43000±4000 61000±6000
Data 40794 58872

5 Multijet background evaluation

Events with vector bosons in the final state, as selected by single lepton triggers, are characterized by the

presence of high-pT isolated leptons. The processes that give rise to “fake” leptons (either non-isolated

leptons or objects mimicking isolated leptons) include semileptonic b-quark decays, photon conversions,

decays of long-lived particles that produce an electron or a muon in the decay chain, or mis-identification

of jets as electrons.

Two different methods were employed in this analysis for the fake lepton background evaluation. The

Matrix Method (MM) [27] was used to obtain the estimation of the fake lepton background in the µ+jets

channel. In this method, the probability for a high-pT sinal lepton to pass the standard event selection

1The transverse mass is defined as mT(W) =
√

2p"Tp
ν
T(1 − cos(φ" − φν)), where pT is the transverse momentum, φ is the

azimuthal angle, and " and ν refer to the charged lepton and the neutrino, respectively.

3

Expected from detailed MC simulation using full detector 
response (GEANT)	

Events generated with full Standard Model matrix element 
at Next-to-leading order, and full modeling of 
hadronization of quarks/gluons	

Simulation takes much time (typical: few min/event at least)	

Events scaled to NNLO theory cross section predictions	

	




EWK cross section overview	
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Question: why at LHC W+ different than W-?	




Multijet background, aka ‘QCD’	

‘Electron’s that are ‘QCD’	

•  Overlap track w/ photon	


•  Photon conversions	

•  b-quarks and c-quarks that 

decay to leptons	

–  Rest of decay missed? Real 

leptons	


•  Jets with fluctuations in 
hadronization	

–  Very few charged tracks	


–  Very small hadronic energy 
fraction	


‘Muons’ that are ‘QCD’	

•  Pions, kaons that decay in 

flight in tracking region	

•  b-quarks and c-quarks 

decaying to leptons	

–  rest of decay missed? Real 

leptons	


•  Hadrons that did not shower 
in calorimeter? 	


•  Punch-through hadrons	
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Simulation of fake electrons and muons using simulated QCD events 
is both unreliable and impractical	




9/17/2012 
Top2012/B

oudreau 

29 

ANTIELECTRON METHOD IN CMS LEPTON+JET 
• nonisolated leptons (Irel > 0.2) used for template shape (muons)  
     w/ additional inputs from MC and “marginal failures” for electrons— 
     candidates failing two out of six electron id cuts. 
• normalization determined from the sideband region 𝐸 < 20  GeV 
     and  by fit to Vertex Mass. 

arXiv:1108.3773 

Data-driven methods	

Many methods, all rely on isolating a control 
region enriched in fake leptons	

•  Select a sample of known lepton-like jets 

(looser version of your sample) and 
determine how often you see a muon or 
electron 	

–  Derive shapes from this and normalise to 

sideband (low Missing ET for example) 	


–  Good at modeling bad hadronization	


•  Or determine a sample of ‘anti’ electrons/
muons by inverting one of the selection 
cuts (typically the isolation requirement)	

–  Very good at modeling complex variables 	

–  Good at modeling HF jets that fake isolated 

leptons	
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 (ATLAS-CONF-2012-056) 

9/17/2012 
Top2012/Boudreau 

26 

JET ELECTRON IN ATLAS SINGLE TOP 
ATLAS CONF-2012-056	




Data-driven methods	

EXAMPLES: 

9/17/2012 
Top2012/Boudreau 

23 

arXiv:1208.2671 

NW: one real lepton, “W-like” 
NMJ: zero real lepton, “MJ-like” 

Matrix method:	

Use two control regions with different, 
known, real/fake fraction and compare 
them to derive both fake rate and 
efficiency or vice versa	


–  Involves matrix inversion of 2x2 matrix	

–  needs well-understood sample 

composition of loose and tight sample	


–  Or needs known efficiency  and known 
fake rate derived from other samples 
such as multijet and Z->ll resonance	


•  Advantage: can completely determine 
composition of samples and with small 
uncertainties	


–  But is complicated and involves many cross 
checks	


Freya Blekman (IIHE-VUB) 	
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Non-prompt background in CMS 7 TeV 
dilepton cross section analysis derived this 
way	


Also commonly used in determination b-tag 
efficiency and fake rate from b-bbar events	




Back to ATLAS’ cross section measurement	
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Figure 2: Transformed aplanarity A′ distribution in the e+jets channel (a) and muon pseudorapidity η

distribution in the µ+jets channel (b). The distributions in the data (dots) are compared to the model

expectations, which include both signal and background processes. The hatched bands display the com-

bined expected statistical and systematic uncertainty.

Table 2: Number of tt̄ events and corresponding cross sections obtained from the likelihood fit to data

together with their statistical uncertainties.

Channel Ntt̄ σtt̄ (pb)

e+≥3 jets 31050±350 239±3
µ+≥3 jets 45000±400 242±2
l+≥3 jets 76000±500 241±2

6

•  Muon multijet contribution 
derived with matrix method	

–  Used high MET (>100) region 

(few fakes) and low MET (<20) 
region to determine fake rate. 	


–  Low MET region of course 
contained W and Z bosons so 
those were subtracted using 
simulated contributions	


•  Electron multijet 
contribution derived from 
jet-enriched sample	
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Combined in likelyhood	

•  Likelihood in this case means single number per event 

quantifying how top-like the event is 	
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Figure 1: Fit to the likelihood discriminant distribution D(ηl, A
′) in data in the e+jets (a) and µ+jets (b)

channels. The hatched bands display the combined expected statistical and systematic uncertainty.

after the fit is shown in Fig. 2. Figures 3 and 4 show distributions of basic kinematic quantities after the

fit in both channels.

The tt̄ production cross section is calculated as

σtt =
Ntt̄

L × BR × εsig
, (4)

where L is the integrated luminosity, BR is the combined branching ratio for dileptonic and semileptonic
tt̄ decays, and εsig is the product of the signal acceptance and efficiency calculated on a tt̄ sample without

fully-hadronic decays.

The fitted numbers Ntt̄ of tt̄ events and the corresponding cross sections are shown in Table 2. The

quoted statistical uncertainties are evaluated from the fit. The fitted W+jets scale factors pW
j
are found

to be 0.54±0.05 (stat.) in the e+jets channel and 0.73±0.04 (stat.) in the µ+jets channel. The correlation
coefficent between the tt̄ and W+jets fractions is found to be −0.7 for both channels.

7 Systematic uncertainties

The systematic uncertainties relevant to this analysis fall into several categories. The instrumental sys-

tematic uncertainties are related to the reconstruction of jets and Emiss
T
(jet energy scale, jet energy res-

olution, jet reconstruction efficiency, soft jet related uncertainties in Emiss
T
calculations), and leptons

5
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Figure 1: Fit to the likelihood discriminant distribution D(ηl, A
′) in data in the e+jets (a) and µ+jets (b)

channels. The hatched bands display the combined expected statistical and systematic uncertainty.

after the fit is shown in Fig. 2. Figures 3 and 4 show distributions of basic kinematic quantities after the

fit in both channels.

The tt̄ production cross section is calculated as

σtt =
Ntt̄

L × BR × εsig
, (4)

where L is the integrated luminosity, BR is the combined branching ratio for dileptonic and semileptonic
tt̄ decays, and εsig is the product of the signal acceptance and efficiency calculated on a tt̄ sample without

fully-hadronic decays.

The fitted numbers Ntt̄ of tt̄ events and the corresponding cross sections are shown in Table 2. The

quoted statistical uncertainties are evaluated from the fit. The fitted W+jets scale factors pW
j
are found

to be 0.54±0.05 (stat.) in the e+jets channel and 0.73±0.04 (stat.) in the µ+jets channel. The correlation
coefficent between the tt̄ and W+jets fractions is found to be −0.7 for both channels.

7 Systematic uncertainties

The systematic uncertainties relevant to this analysis fall into several categories. The instrumental sys-

tematic uncertainties are related to the reconstruction of jets and Emiss
T
(jet energy scale, jet energy res-

olution, jet reconstruction efficiency, soft jet related uncertainties in Emiss
T
calculations), and leptons

5

•  Statistical fit that 
varies backgrounds 
within their 
uncertainties used 
to determine 
remaining number 
of ttbar events, 
which is then used: 	


	


•  Efficiencies: 
determined from 
simulation with 
corrections from 
data	




Systematic uncertainties	


(momentum/energy scale and resolution, trigger efficiency, reconstruction and lepton identification ef-

ficiency), as well as the b-tagging performance uncertainty. All of these uncertainties are evaluated by

performing ensemble tests using modified likelihood templates for signal and background. The dominant

instrumental systematic uncertainty (6%) is due to the jet energy scale, and here mostly due to its impact

on the signal reconstruction efficiency.

For the multijet contribution, the variation of results due to scaling of the background up and down

by 50%, as well as the difference between results obtained using the Matrix Method and the Jet-electron

model, were used as a systematic uncertainty. Because of the low level of multijet background in the

selected sample the systematic uncertainty on the cross section σtt̄ due to multijet modelling is small

(about 1%).

As discussed in Section 6, the contributions fromW+jets are fitted separately in the e+jets and µ+jets

channels to allow for absorption of uncertainties in other backgrounds. To verify the fitting procedure,

W+jets and Z+jets were merged into a single template and the combined fit was performed with the

W/Z+jets cross section forced to be the same in both channels. The difference in the tt̄ cross section

obtained by the two methods is small (0.2%).

The systematic uncertainty related to the modelling of W+jets, which results in a variation of likeli-

hood template shapes, is found to be small (<1%). The systematic uncertainty due to single top, diboson,

and Z+jets production is evaluated by varying their cross sections [27]. The effect on the tt̄ cross section

is also small (about 1%).

The uncertainty due to the modelling of Initial/Final State Radiation (ISR/FSR) is estimated using tt̄

events produced with the AMC generator interfaced with PYTHIA, where the parameters controlling

ISR/FSR were varied in a range suggested by the data in the rapidity gap analysis [30,31]. The resulting

σtt̄ uncertainty is 4%. The systematic uncertainty due to MC modelling of the tt̄ production process

is estimated by comparing results obtained with MC@NLO, POWHEG, and ALPGEN signal samples.

This uncertainty is found to be 6%. In addition, there are uncertainties due to parton distribution functions

(PDF) 6% and the choice of the parton shower model, the latter being estimated by comparing results

obtained with POWHEG interfaced to PYTHIA and HERWIG (6%). Finally, the luminosity uncertainty,

measured using techniques similar to those described in [32, 33], is 3.6%. This uncertainty is quoted

separately.

The systematic uncertainties on the inclusive tt̄ cross section measurement are summarized in Ta-

ble 3. The uncertainties due to ISR/FSR, MC generator modelling, PDF, and parton shower model are

combined in a single category named “MC modelling of the signal.”

Table 3: Systematic uncertainties (%) on the inclusive tt̄ cross section measurement in the lepton+jets

channel.

Source e+ ≥3 jets µ+ ≥ 3 jets combined
Jet/MET reconstruction, calibration 6.7, -6.3 5.4, -4.6 5.9, -5.2

Lepton trigger, identification and reconstruction 2.4, -2.7 4.7, -4.2 2.7, -2.8

Background normalization and composition 1.9, -2.2 1.6, -1.5 1.8, -1.9

b-tagging efficiency 1.7, -1.3 1.9, -1.1 1.8, -1.2

MC modelling of the signal ±12 ±11 ±11
Total ±14 ±13 ±13

The tt̄ production cross section is determined under the assumption of a fixed top quark mass mtop =

172.5 GeV. Using the tt̄ MC samples generated with mtop = 170 and 175 GeV, it is observed that the

result varies by ∓1% when mtop changes by ±2.5 GeV. This variation is not included in the systematic

8

•  Each of these numbers involves rerunning the analysis taking into 
account known uncertainties on the lepton reconstruction, etc. 	


•  Some, like the ‘MC modelling’ uncertainty, contain many effects 
such as ISR/FSR model uncertainty, parton density functions, 
parton shower models, uncertainties of the event generator used 
for the simulation	


•  More examples of systematic studies/uncertainties in next lectures	
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Final cross section	

•  Final cross sections traditionally (in top physics) 

have several uncertainties:	

	

•  The analysis determined the cross section at 8 

TeV, which of course also has theory predictions. 
Some examples:	

–  (approximate) Next-to-next-to-leading order assuming 

QCD production of generic heavy quarks: 238±10% pb 
(HATHOR, arXiv:1007:1327)	


–  Full next-to-next-to-leading order: 246±3%±2.6 pb 
(arXiv:1303.6254)	
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uncertainty.

8 Summary of results

A measurement of the inclusive tt̄ production cross section in pp collisions at
√
s = 8 TeV using the

ATLAS detector at the Large Hadron Collider has been performed using a data set corresponding to an

integrated luminosity of 5.8 fb−1. The cross section is found to be

σtt̄ = 241 ± 2 (stat.) ± 31 (syst.) ± 9 (lumi.) pb.

This result is in good agreement with the current theoretical prediction σtheor.
tt̄

= 238+22−24 pb for a top quark

mass of 172.5 GeV as obtained from approximate NNLO QCD calculations with HATHOR 1.2 [4].

9



And in the end…	
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End of lecture one – questions?	
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Use to predict cross sections	
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