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Top-Physics
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mt & mH: Constraints on New Physics
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Indirect Evidence @ LEP

Virtual top quark loops 
contributing to the W and Z boson masses

Virtual Higgs boson loops 
contributing to the W and Z boson masses

W-Boson mass:

where ∆r contains all the one-loop 
corrections originate from top and
Higgs loops ...

Top 
contribution:

Higgs 
contribution:

[quadratic dependence]

[logarithmic dependence]

Radiative correction
[of order 3%]
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Indirect Evidence @ LEP

Top mass prediction from EW fits ...

Direct measurement from Tevatron ...
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Top Quark Discovery
[LEP, Phys. Rep. 427 (2006) 257]

1973 Kobayashi/Maskawa: 
Need for three quark generations
to incorporate CP violation into SM

1977  Discovery of bottom quark
[mb ≈ 4.5 GeV] 

1980ies Search for light top (mt < mW–mb) 
in decays W → tb 

1992 Tevatron Run I: 
First indications for heavy top 
quark decay t →Wb

1995 Official discovery, mt ≈ 175 GeV 
[CDF and DØ @ Tevatron]

Top Quark Mass 
SM fit vs. direct measurement

History of top searches: 
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Top Quark topology

b-jet

leptonic 
W-decay

hadronic 
W-decay

b-jet

Tevatron!
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Top Quark topology
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Top quark:

Mass: mt = 173.3 ± 1.1 GeV
[2010 Tevatron combination]

Pointlike particle 
with mass of gold atom
[35x heavier than b quark]

Mass in the Standard Model:

Yukawa coupling: 
[see also later]

Higgs vacuum expectation value: v/√2 ≈ 175 GeV, 
i.e. f ≈ 1 ➛ special role of top in EW symmetry breaking?

Top Quark Properties
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Top Quark Properties

Top quark lifetime: τ ≈ 4×10–25 s
From NLO QCD [experiment: only lower limits on τ]

Conversion to decay width: Γ = ħc/cτ ≈ 1.4 GeV
Compare with typical hadronization scale: ΛQCD ≈ 250 MeV 

Important consequence: tops decay before hadronization
Top is the only “free” quark ➛ no bound states 
[i.e. no toponium, top mesons/baryons]

Spin/polarization passed on to decay productions 
➛ direct access to quark properties

Physics program after top discovery: top properties
[Is the observed top really the 6th quark of the SM?]
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Top as a “Standard Candle”
[CERN-O

PEN-2008-020]

3-Jet Invariant Mass
(100 pb–1)

mt

LHC: top also serves 
as calibration source ...

Produced copiously @ LHC
Key background for new physics
Final states contain everything ...
[Leptons, MET, many jets ...]

Use top to calibrate e.g.
jet/b-jet energy scale ...
[jets/b-jets copiously produced]

B-tagging algorithms ...

mt
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Top Physics at the LHC

1. “Rediscovering” top, i.e. measure cross section

2. Use top as a calibration source

3. High-precision top quark mass measurements

4. Single Top

5. Measure top properties [beyond mass & cross section]

Electroweak couplings, spin correlations, asymmetries

Many measurements @ Tevatron limited by statistics ... 
LHC @ 10 TeV: 40k top pairs produced in 100 pb–1 ...
[i.e. present Tevatron statistic almost after first year]

5. Search for new physics with top ...

Enhancement of rare production/decay channels ...

Heavy new particles decaying into top pairs ...
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Top Pair Production

Gluon-Gluon Fusion

Quark-Antiquark Annihilation

Top pair production
[discovery channel at the Tevatron; 1995]

2x cross section of single top production
Much better signal-to-background ratio
than single top

Partonic sub-processes
Quark-antiquark annihilation ...
dominant at the Tevatron (85%)
less important at the LHC (10%)

Gluon-gluon fusion ... 
dominant at the LHC (90%) 
less important at the Tevatron (15%)

Quark-gluon fusion ... 
not possible at LO, few percent contributions ...

Quark-Gluon Fusion
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Moch, Uwer, 
[Phys. Rev. D78 (2008) 034003]

Tevatron
P

ar
to

n 
Lu

m
in

os
ity

C
ro

ss
 S

ec
tio

n 
[p

b]

LHC [√s  = 14 TeV]

Master formula:
cross section = 
parton lumi ×
partonic cross 
section

LHC cross 
section: 

ca. 100 x Tevatron

Cross sections Top Pair Production

Partonic cms
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Cross Section Calculation
Reminder
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Top Quark Decays

All Hadronic

Tau + Jets

Tau + Jets

Lepton + Jets 
Lepton + Jets Dilepton

hadrons τ μ eW–➛
μ

ha
dr

on
s

τ
e

W
+ 
➛

SM top decay: 
t ➛ Wb (BR ≈ 100%)

All-Hadronic: 6 jets 
[large QCD background]

Lepton+Jets: “gold-plated”

Lepton, ν, 4 jets (2 b-jets)

Lepton suppresses QCD,
24 possible jet combinations 

Dilepton: interesting @ LHC

2 leptons, 2 ν, 2 b-jets

very clean, ν ambiguities

Characterise top quark 
signatures by W decays:
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Selection criteria [“cuts”]
designed to isolate signal 
from background ...

Optimize e.g. on:
Signal-to-background ratio

Signal significance

Optimization uses MC or control 
samples

Don’t optimize looking at the signal 
in data! BLINDED ANALYSIS

Example: Top Lepton+Jets Decay

Cut-Based Signal Selection

high-pT lepton: pT > 20 GeV

neutrino: MET > 30 GeV

4 high-pT jets: pT > 40 GeV

2 b-jets: 1 or 2 b-tags

!"#$/ !&'$+!"#$

!"#$/ !&'$
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B-Tagging

[DØ]

Interesting particles decay 
into final states with b quarks

e.g.  t ➛ Wb, H ➛ bb ...
Thus: need powerful “b-tagging” ...

Approach I: Life time
B hadrons are massive 
and “long-lived” [cτ of B±: 491 μm]

i.e.: tracks with large impact parameter ...
Displaced secondary vertex 
with large “vertex mass” ...
[inv. mass of all charged particles in vertex]

Approach II: Semileptonic decays [B → lνX]

Select jets with soft leptons ...

d0: impact parameter

Lxy: 2D distance to 
primary vertex
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Signed Impact Parameter (d)

Primary Vertex

Jet directionSecondary Vertex

PV
PV

SV

SV

Unphysical

Physical Physical
Unphysical
→ resolution
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B-Tagging in ATLAS & CMS

ATLAS default CMS default

Likelihood ratio tagger

bi, ui: probability for b, light flavor jet
Sj: any observable sensitive to heavy flavor, in 

ATLAS both 3D impact parameter and 2D 
secondary vertex

Comb. secondary vertex tagger
[Likelihood ratio with many inputs]

vertex mass, track multiplicity, 
secondary vertex significance, 

fractional energy of secondary particles, 
track rapidities, 

impact parameter significance

Design goals for b-taggers
High selection efficiency for real b-jets [“tagging efficiency”]

High rejection power for “fake” b-jets  [low “mistag rate”]

Robustness, e.g. against mis-alignment ...

Need
trade-off
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B tagging in ATLAS - 1

pb distribution b-tagged, 
pl distribution light quark
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B tagging in ATLAS - 2

B-Tagging algorithms in ATLAS

Likelihood ratio = log (pb/pl)
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B tagging in ATLAS - 3

B-Tagging algorithms in ATLAS
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B tag algorithms calibration

pT
rel[MeV]
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B tag calibration using ttbar events

You expect two b quarks!!
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B tagging ATLAS: l-jet rejection vs b-jet 
efficiency
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Background in top-pair analysis

CDF Note 9462
[http://www-cdf.fnal.gov/.../ttbar_secvtx_3invfb/]

Physics background: 
From data [control samples] & 
Monte Carlo simulation
Indistinguishable from signal 
and pass signal selection

Instrumental background: 
Estimation from data ...
Misidentification ... 
[e.g. jet looks like (“fake”) electron]

Noise seen in detectors ... 
Beam backgrounds …

Predicted vs. observed events
as a function of jet multiplicity ...

CDF Preliminary [Run II]
L = 2.7 pb-1

Top Pair Candidates

http://www-cdf.fnal.gov/physics/new/top/2008/xsection/ttbar_secvtx_3invfb/
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Tevatron Results

CDF [mt = 172.5 GeV] DØ [mt = 175 GeV]

Remark: Cross section 
decreasing with increasing mt

Measured cross sections 
agree well with theory 

[NLO, approximate NNLO]
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LHC Top Results

tt ➛ WbWb 
tt ➛ μνbμνb 

-

[CMS Top Candidate; Dimuon channel]
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First LHC Top Results

[ATLAS Top Candidate; Dilepton (eμ) channel]
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Theo uncertainties in tt-bar x-section
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Top-antiTop x section

CR
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Top-anti Top x-section results
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Single Top in ATLAS
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Single Top production
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Event topology
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Backgrounds, Multijets, Fakes
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Background, W+jets, Z+jets
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t-channel
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t-channel Single Top
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Wt channel
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S-Channel
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Cross Section Summary Single Top
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Single Top Summary
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Single top production (PDG 2019)
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Top mass measurement

Ideogram: histogram where  
entries are weighted with the 

probability (hypothesis)         
→ not “1”
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Top Quark Mass

[LEP EWWG]

Reminder:

Radiative corrections
connect mW, mt, and mH ...

Top mass 
measurement:

Tevatron Run II: 
Top mass better than 1%
[Best measured quark mass]

Reached after 5+ years

LHC: top mass to 
better than 1 GeV

➛ very challenging

mt = 173.3 ± 1.1 GeV



To
ni

 B
ar

on
ce

lli 
Ex

pe
rim

en
ta

l H
ig

h 
En

er
gy

 P
hy

si
cs

 a
t C

ol
lid

er
s 

W
in

te
r 2

02
1

Toni Baroncelli - INFN Roma TRE                                                  Physics at Hadron Colliders

mt vs mW in pdg 2017
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In-situ JES Calibration

CDF Top Mass Measurement 2009
[http://www-cdf.fnal.gov/.../mtm3_p23_public/]

2D Likelihood Profile

Dominant uncertainty of top mass: Jet energy scale (JES)

Idea (for lepton+jets): hadronic top decay chain contains 
decay W ➛ qq’ with well-known W mass [23 MeV vs. > 10 GeV]

“In-situ JES calibration”: measure top mass and JES simultaneously
[JES from known W mass]

JES
constraint

http://www-cdf.fnal.gov/physics/new/top/2009/mass/mtm3_p23_public/
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Likelihood Methods

x1 x2

Goal: estimate parameter μ (e.g. top mass) from 
set of measurements x = (x1, x2, …)

Known probability density distribution to observe 
value xi for a given value of μ: P(xi|μ), e.g. Poisson distribution

Construct joint probability (“likelihood function”) for full set of 
measurements x by multiplying individual probabilities

Maximum likelihood method: get estimator for μ from:

In pictures: 

In practice: minimize

Find 
maximum of L


