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Masses of Elementary Particles

Fermion masses via Yukawa 
coupling to Higgs field 

Six quarks of the standard 
model: vastly different 
masses, individual mass 
values unexplained 

Top quark sticks out: about 
40 times heavier than 
bottom quark
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Top Quark Properties? 
Role in Electroweak Symmetry Breaking?

Quarkmassen

M
as

s 
in

 G
eV

/c
2 200

150

100

50

0 tbcsdu

Up:
0.002

Down:
0.005

Strange:
0.1

Bottom:
4.75

Top:
173.34 ± 0.76

Charm:
1.25



From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann 
Institut für Experimentelle Kernphysik (IEKP)

03/17/2015

Top – The Special One

Large mass: mt ≈ 173 GeV 
Close to scale of electroweak symmetry breaking 
Lagrangian for top Yukawa coupling  
(v ≈ 246 GeV: Higgs vacuum expectation value) 
 

→ yt ≈1: the only “normal quark”? 

Top – the only “free” quark:  
life time much smaller than hadronization time 
 
 
 
→ (almost) no bound states 
→ spin transferred to decay products
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Questions in Top Quarks Physics
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Always 
a b quark?

Electroweak 
V–A interaction?

Always 
a W boson?

Isospin 
partner of the 

b quark?

 “Zweifle an allem wenigstens 
einmal, und wäre es auch der 

Satz: zwei mal zwei ist vier”  
(G. F. Lichtenberg)

Production 
Mechanism?

Mass?
Charge?

Associated 
Production?



From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann 
Institut für Experimentelle Kernphysik (IEKP)

03/17/2015

Outline

7

The Road to the Top

Top Quark Production

Top + “Something Else”

Top Properties & New Physics
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Outline

8

The Road to the Top:  
A Brief History of  

Top Quark Physics 
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The Road to the Top
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The Road to the Top

10

19951979 1985 1990

PETRA (DESY): e+e–, √s ≤ 45 GeV 
mt > 23 GeV/c2

SppS (CERN): pp, √s ≤ 630 GeV 
mt > 70 GeV/c2

CDF Run 0 (FNAL) 
mt > 70 GeV/c2

1992

LEP I (CERN): e+e–, √s = 90 GeV
mt  = 173 GeV/c2 (EW fit)

Tevatron Run I: 
Discovery

W+

t

bLight Top: 
mt < mW

W+

t
b

Heavy Top:  
mt > mW

Lepton Colliders Hadron Colliders
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The Last Mile

1992: Tevatron Run I starts  

January 1993: “Event 417” (DØ) 

August 1993: Evidence for top  
(CDF, published September 1994) 

March 2, 1995: Discovery 
officially announced (CDF, DØ)

11

[PRL 74 (1995) 2626]

tt + Bkg
Bkg only

CDF Data

[http://hom
e.fnal.gov/~klim

a]
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The Last Mile

1992: Tevatron Run I starts  

January 1993: “Event 417” (DØ) 

August 1993: Evidence for top  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[PRL 74 (1995) 2626]

tt + Bkg
Bkg only

CDF Data



The Discovery of the Top Quark54 Scientific American September 1997

In March 1995 scientists gathered
at a hastily called meeting at Fer-
milab—the Fermi National Accel-

erator Laboratory in Batavia, Ill., near
Chicago—to witness a historic event. In
back-to-back seminars, physicists from
rival experiments within the lab an-
nounced the discovery of a new particle,
the top quark. A decades-long search
for one of the last missing pieces in the
Standard Model of particle physics had
come to an end.

The top quark is the sixth, and quite
possibly the last, quark. Along with
leptons—the electron and its relatives—

quarks are the building blocks of mat-
ter. The lightest quarks, designated “up”
and “down,” make up the familiar pro-
tons and neutrons. Along with the elec-
trons, these make up the entire periodic
table. Heavier quarks (such as the charm,
strange, top and bottom quarks) and
leptons, though abundant in the early
moments after the big bang, are now
commonly produced only in accelera-
tors. The Standard Model describes the
interactions among these building blocks.
It requires that leptons and quarks each
come in pairs, often called generations.

Physicists had known that the top

must exist since 1977, when its partner,
the bottom, was discovered. But the top
proved exasperatingly hard to find. Al-
though a fundamental particle with no
discernible structure, the top quark
turns out to have a mass of 175 billion
electron volts (GeV)—as much as an
atom of gold and far greater than most
theorists had anticipated. The proton,
made of two ups and one down, has a
mass of just under 1 GeV. (The electron
volt is a unit of energy, related to mass
via E = mc

2.)
Creating a top quark thus required

concentrating immense amounts of en-

VIOLENT COLLISION between a proton and
an antiproton (center) creates a top quark (red)
and an antitop (blue). These decay to other
particles, typically producing a number of jets
and possibly an electron or positron.
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The Discovery 
of the Top Quark

Finding the sixth quark involved the world’s

most energetic collisions and a cast of thousands

by Tony M. Liss and Paul L. Tipton

Copyright 1997 Scientific American, Inc.

[Scientific American, September 1997]
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Top Turns Ten

2001: Tevatron Run II starts  
→ improved detectors, new ideas 

2008: top mass known to better 
than 1% precision 

2009: first observation of single 
top quark production 

2010: LHC Run I starts → first top 
quarks in Europe (ATLAS, CMS)

14
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2008: top mass known to better 
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top quark production 
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Twenty!
✘

Top at Twenty

For more information, visit: http://indico.fnal.gov/event/TopAtTwenty15

Program Committee
Tiziano Camporesi, CERN, Switzerland
Dave Charlton, University of Birmingham, UK
Matteo Cremonesi, Fermilab, USA
Dmitri Denisov, Fermilab, USA
Keith Ellis, Fermilab, USA
Paul Grannis, Stony Brook University, USA
Andreas Jung, Fermilab, USA
Alison Lister, University of British Columbia, Canada
Luca Malgeri, CERN, Switzerland
Michelangelo Mangano, CERN, Switzerland
Andreas Meyer, DESY, Germany

Mark Owen, University of Glasgow, UK
David Toback, Texas A&M University and Mitchell Institute,  USA
Boris Tuchming, Irfu-CEA Saclay, France
Costas Vellidis, Fermilab, USA
Jonathan Wilson, Texas A&M University and Mitchell Institute, USA

Local Organizers
Cynthia Sazama, Fermilab, USA
Melody Saperston, Fermilab, USA
Suzanne Weber, Fermilab, USA

Workshop April 9-10, 2015
Fermilab, Batavia, IL USA

To celebrate the 20th anniversary of the discovery of the top quark,
we will review observations and discoveries made at both

the Tevatron and the LHC, the theoretical context and explore
the indications for physics beyond the standard model.
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Fermilab Tevatron: 1985–2011

16

Fermi National Accelerator Laboratory – Aerial View

[Fermilab Visual Media Service]

2 km

Tevatron

Proton-antiproton collider:  
Run I: √s = 1.8 TeV 
Run II: √s = 1.96 TeV 
Total integrated luminosity:  
Run I: 200 pb–1  
Run II: 12 fb–1 
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LHC – the Large Hadron Collider

17

ATLAS Experiment

CMS Experiment 

Proton-proton collider 
LHC Run I: 2010–2013 

2010/2011: approx. 5 fb–1  
at √s = 7 TeV 
2012: approx. 20 fb–1  
at √s = 8 TeV 

LHC Run II:  
from 2015, √s = 13-14 TeV
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Analyzing Top Quark Events

Top decay in the standard 
model: B(t → Wb) ≈ 100% 

tt decay signatures 
characterized by W decays: 

All-Hadronic: 45% of all decays, 
large QCD background 

Lepton+Jets: 30% of all decays, 
moderate backgrounds 

Dilepton: 5% of all decays, very 
clean, but small branching 
fraction 

Challenging signature:  
multiple leptons & (b-)jets, 
missing transverse energy

18
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Key Technology: Vertex Detectors

Reconstruction of top quark signatures 
requires entire detector 

Important experimental technique: 
identification of jets with B-hadrons,
(mainly) based on long B-hadron 
lifetimes → b-tagging 

Most important detector technology for  
b-tagging: vertex detectors 

UA2 experiment (SppS): silicon pad 
detector on beam pipe 
Tevatron experiments: silicon microstrip 
vertex detectors 
LHC experiments: silicon pixel and strip 
detectors

20

d0: Impact Parameter

Lxy: 2D Distance to 
Primary Vertex

[DØ]

CMS Barrel Pixel Detector
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From the Tevatron to the LHC

21

Authors Silicon 
Detectors

Tops Produced 
(per Experiment)

Tops 
Reconstructed  

(Lepton+Jets,  
1 b-Tag)

Tevatron Run I 400 0.7 m2  
46k Channels 1200 25

Tevatron Run II 600
6 m2  

720k Channels  70.000 2000

LHC Run I 2500 200 m2 
75M Channels 6 million 150.000

LHC Run II 50–100 million/
year

LHC: Top Factory  
Excellent Detectors – Unprecedented Statistics 

Discovery
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Top Quark Production: 
The Race for  

Ultimate Precision

22

The Road to the Top

Top Quark Production

Top + “Something Else”

Top Properties & New Physics
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Top Production Cross Section 

23

� =

N
obs

� N
bkg

✏
R

L dt

Master formula for cross section measurements: 
 

Challenges for experiment 
Nbkg: best possible determination of background rate  
∫ Ldt: most precise measurement of integrated luminosity  
ε: best possible modeling of detector geometry, excellent calibration 

Challenges for theory 
σ: most accurate cross section calculation to compare with measurement 
ε: best possible modeling of signal efficiency
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Top Quark-Antiquark Production

Typical heavy quark production process 
Quantum chromodynamics (QCD) 
Gluon fusion and qq annihilation 

Theoretical calculations 
Leading order QCD by far not sufficient, large 
corrections 
Types of corrections: higher orders in αS, 
resummation of large logarithms 
State of the art (Czakon, Fiedler, Mitov, 2013): 
NNLO + NNLL (next-to-next-to-leading order and 
next-to-next-to-leading logarithms)

24

Gluon-Gluon-Fusion 
(LHC: 80–90%) 

Quark-Antiquark-
Annihilation (LHC: 20–10%)
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Top Pair Production: Summary

25

 [TeV]s
2 3 4 5 6 7 8 9

 c
ro

ss
 s

ec
tio

n 
[p

b]
t

In
cl

us
iv

e 
t

1

10

210

310
ATLAS+CMS Preliminary
TOPLHCWG

Sep 2014

* Preliminary

)-1Tevatron combined* 1.96 TeV (L=8.8 fb
)-1ATLAS dilepton 7 TeV (L=4.6 fb

)-1CMS dilepton 7 TeV (L=2.3 fb
)-1ATLAS l+jets* 7 TeV (L=0.7 fb

)-1CMS l+jets 7 TeV (L=2.3 fb
)-1ATLAS dilepton 8 TeV (L=20.3 fb

)-1CMS dilepton 8 TeV (L=5.3 fb
)-1* 8 TeV (L=5.3-20.3 fbµLHC combined e

)-1ATLAS l+jets* 8 TeV (L=5.8 fb
)-1CMS l+jets* 8 TeV (L=2.8 fb

NNLO+NNLL (pp)
)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
 uncertainties according to PDF4LHCSα ⊕ = 172.5 GeV, PDF topm

7 8
150

200

250

[https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures]

Theoretical/experimental 
uncertainties below 5%

LHC-wide working group 
established: TOPLHCWG

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
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Electroweak Single Top Production

Direct measurement of CKM matrix element |Vtb| 
Production via W boson exchange: 100% polarized top quarks 

PDF constraints via t/t charge ratio 

Access to BSM physics (e.g. anomalous couplings)

26

s channel

q

q’

W
t

b

Vtb

Vtb

Vtb

associated Wt 
production 

t

W

b

g

b

g t

WVtb

Vtb

t channel 
q

b

q’

t

W

q
q’

t
W

g

b

Vtb

Vtb



From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann 
Institut für Experimentelle Kernphysik (IEKP)

03/17/2015

Single Top Production: Summary

27
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Wt prod.
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ATLAS t-channel
112006, ATLAS-CONF-2014-007 (2014) PRD90

CMS t-channel
090 (2014) 035, JHEP06 (2012) JHEP12

ATLAS Wt production
142, ATLAS-CONF-2013-100 (2012) PLB716

CMS Wt production
231802 (2014) 022003, PRL112 (2013) PRL110

LHC combination,  Wt production
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009

C.L. ATLAS s-channel, 95%
ATLAS-CONF-2011-118, arXiv:1410.0647

C.L. CMS s-channel, 95%
CMS-PAS-TOP-13-009

arXiv:1404.7116NNLO 
, MSTW2008nnloVeG = 173.2topm

scale uncertainty

091503, (2011) 83 PRDNNLL  + NLO
054028 (2010) 81 054018, PRD (2010) 82 PRD
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 uncertainty,sα ⊕ PDF ⊕scale 

arXiv:1007.3492, 1406.4403NLO 
,top= m

F
µ= 

R
µ, VeG = 172.5topm

CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC)
VeG 60 =  removalt veto for tb

T
Wt production: p

VeG 65 =
F

µ                        and 
scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 

VeG = 172.5
top

All exp. results are w.r.t. m

syst   stat   syst

[https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures]

LHC: t channel and Wt established, s channel limits

First measurements: very small signals → first extensive use of 
multivariate analysis techniques (neural networks etc.) at the Tevatron

[http://www-cdf.fnal.gov/physics/new/top/2014/stopTevCombo_webpage/stopTevCombo_webpage.html]

http://www-cdf.fnal.gov/physics/new/top/2014/stopTevCombo_webpage/stopTevCombo_webpage.html


From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann 
Institut für Experimentelle Kernphysik (IEKP)

03/17/2015

Towards Higher Precision
Various changes and improvements over the last 20 years 

Changing roles of decay channels: dilepton as the new gold-plated channel in 
LHC era → large data samples, almost background-free 
Technical improvements, e.g. in-situ constraints of systematic uncertainties  
(profile likelihood ratio) 
Conceptual progress, e. g. clearer separation of sources of uncertainty:  
detector vs. signal vs. background modeling 

Current limitation for inclusive cross section 
measurements: extrapolation to full phase 
space with theory/simulation tools 

Cross sections measured in visible phase 
space (aka. fiducial cross sections)  
→ reduced dependence of measurement on 
signal/background modeling 
Differential cross sections: closer look at decay 
kinematics

28

Full Phase Space

Visible Phase Space
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Differential Cross Sections

Strategy: 

29

Eur. Phys. J. C (2013) 73:2261 Page 7 of 28

Fig. 2 Distributions of the
reconstructed (a–b) t t̄ mass,
mtt̄ , (c–d) the t t̄ transverse
momentum, pT,t t̄ , and (e–f) the
t t̄ rapidity, ytt̄ , before
background subtraction and
unfolding. In (a–b) and (c–d)
the bin corresponding to the
largest mtt̄ (pT,t t̄ ) value
includes events with mtt̄ (pT,t t̄ )
larger than 2700 GeV
(700 GeV). The largest
reconstructed mtt̄ in the µ + jets
channel is 2603 GeV. Data are
compared to the expectation
derived from simulation and
data-driven estimates. All
selection criteria are applied for
the (a, c, e) e + jets and (b, d, f)
µ + jets channels. The
uncertainty bands include all
contributions given in Sect. 6
except those from PDF and
theory normalization

sured in data using the same methods as in Refs. [42, 56].
Jet energy resolution uncertainties range from 9–17 % for jet
pT ≃ 30 GeV to about 5–9 % for jet pT > 180 GeV depend-
ing on jet η. The jet reconstruction efficiency uncertainty is
1–2 %. The uncertainties from the energy scale and resolu-
tion corrections on leptons and jets are propagated to the un-
certainties on missing transverse momentum. Uncertainties
on Emiss

T also include contributions arising from calorime-

ter cells not associated to jets and from soft jets (those in
the range 7 GeV < pT < 20 GeV). The b-tagging efficiency
scale factors have uncertainties between 6 % to 15 %, and
mis-tag rate scale factor uncertainties range from 10 % to
21 %. The scale factors are derived from data and parame-
terized as a function of jet pT.

A small region of the liquid argon calorimeter could not
be read out in a subset of the data corresponding to 42 % of

Reconstruction

Eur. Phys. J. C (2013) 73:2261 Page 13 of 28

Fig. 5 Relative differential
cross-section versus (a–b) mtt̄ ,
(c) pT,t t̄ and (d) ytt̄ . Note that
the histograms are a graphical
representation of Table 3. This
means that only the bin ranges
along the x-axis (and not the
position of the vertical error bar)
can be associated to the relative
differential cross-section values
on the y-axis. The relative
cross-section in each bin shown
in Table 3 is compared to the
NLO prediction from
MCFM [8]. For mtt̄ the results
are also compared with the
NLO+NNLL prediction from
Ref. [7]. The measured
uncertainty represents 68 %
confidence level including both
statistical and systematic
uncertainties. The bands
represent theory uncertainties
(see Sect. 8 for details).
Predictions from MC@NLO
and ALPGEN are shown for
fixed settings of the generators’
parameters (details are found in
Sect. 8)

No significant deviations from the SM expectations pro-
vided by the different MC generators are observed. The SM
prediction for the relative cross-section distribution can be
tested against the measured values by using the covariance
matrix between the measured bins of the combined results.

9 Conclusions

Using a dataset of 2.05 fb−1, the relative differential cross-
section for t t̄ production is measured as a function of three
properties of the t t̄ system: mass (mtt̄ ), pT (pT,t t̄ ) and rapid-
ity (ytt̄ ). The background-subtracted, detector-unfolded val-
ues of 1/σ dσ/dmtt̄ , 1/σ dσ/dpT,t t̄ and 1/σ dσ/dyt t̄ are
reported together with their respective covariance matrices,
and compared to theoretical calculations. The measurement
uncertainties range typically between 10 % and 20 % and
are generally dominated by systematic effects. No signifi-
cant deviations from the SM expectations provided by the
different MC generators are observed.
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Fig. 3 Migration matrices for
(a–b) mtt̄ , (c–d) pT,t t̄ , and (e–f)
ytt̄ estimated from simulated t t̄
events passing all (left) e + jets
and (right) µ + jets selection
criteria. The unit of the matrix
elements is the probability for
an event generated at a given
value to be reconstructed at
another value

which includes the full covariance matrix between the chan-
nels. Since the covariance matrix is used in the weight-
ing, the estimate is a best linear unbiased estimator of
the cross-section. The covariance matrix is determined in
simulated events using the same pseudo-experiment pro-
cedure outlined in the previous section and derived from
Eq. (5).

8 Results

To reduce systematic uncertainties only relative cross-
sections (differential cross-section normalized to the mea-
sured inclusive cross-section) are reported. The full pro-
cedure for the differential measurement is also contracted
down to one bin to perform the measurement of the inclu-

Migration Matrix

[Eur. J. Phys. C73 (2013) 2261]

Unfolding of reconstructed quantities to parton or 
particle level (often in fiducial volume)  
→ comparison with other experiments & theory 

Conceptual question: Top partons = oversimplified 
leading-order picture? Connection to observables?

Rapidity: y =
1
2

ln
E + pz

E � pz
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Example: Single Top pT and y
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Producing Top Quarks
+ “Something Else”

31

The Road to the Top

Top Quark Production

Top + “Something Else”

Top Properties & New Physics
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Top + “Something Else”: Overview

tt + (heavy flavor) jets 
Test of QCD 

tt + missing transverse energy 

tt + vector bosons 

tt + Higgs 

Single top + Higgs

32

Signature Impact

tt + (heavy flavor) jets
QCD test 
Background to Higgs and BSM searches

tt + missing transverse energy Heavy BSM particles decaying into top

tt + vector bosons (γ, W, Z)
Electroweak top couplings 
Background to Higgs and BSM searches

tt + Higgs Direct measurement of Yukawa couplings

Single top + Higgs Sign of top Yukawa coupling
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Top + “Something Else”: Overview

tt + (heavy flavor) jets 
Test of QCD 

tt + missing transverse energy 

tt + vector bosons 

tt + Higgs 

Single top + Higgs
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Signature Impact

tt + (heavy flavor) jets
QCD test 
Background to Higgs and BSM searches

tt + missing transverse energy Heavy BSM particles decaying into top

tt + vector bosons (γ, W, Z)
Electroweak top couplings 
Background to Higgs and BSM searches

tt + Higgs Direct measurement of Yukawa couplings

Single top + Higgs Sign of top Yukawa coupling
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Top + Jets
Jet multiplicity in tt events: Test of perturbative QCD and “engineering” 
measurement of important background to many searches 
 
 
 
 
 
 
 
 
 

Main results so far: 
Generally good agreement with standard Monte Carlo generators  
Renormalization/factorization scale uncertainties seem too conservative 
Now exploring new next-to-leading order multi-jet MC codes 
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Fig. 3 Normalised differential tt production cross section as a function
of jet multiplicity for jets with pT > 35 GeV in the ℓ+jets channel. The
measurement is compared to predictions from MadGraph+pythia,
powheg+pythia, and mc@nlo+herwig (top), as well as from Mad-
Graph with varied renormalisation and factorisation scales, and jet-
parton matching threshold (bottom). The inner (outer) error bars indi-
cate the statistical (combined statistical and systematic) uncertainty.
The shaded band corresponds to the combined statistical and system-
atic uncertainty

and the number of additional jets Nadd. jets. The best event
reconstruction, thus providing a smaller

√
χ2, is achieved if

the observation is close to Njets = 4 + Nadd. jets, where four
is the expected number of jets from the tt decay partons. For
instance, a tt + 1 additional jet event with Njets = 4 is likely
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Fig. 4 Jet multiplicity distribution in simulated tt events in the ℓ+jets
channel. The splitting into three categories, defined by the compatibility
of the selected particle level jets with the tt decay partons is also shown
(cf. Sect. 7)

to get a large
√

χ2 value because one of the four jets from
the tt decay partons is missing for a correct event reconstruc-
tion.

The measurement of the fractions of tt events with 0, 1, and
≥2 additional jets is performed using a binned maximum-
likelihood fit of the

√
χ2 templates to data, simultaneously

in both ℓ+jets channels. The normalisations of the signal tem-
plates (tt + 0, 1, and ≥2 additional jets) are free parameters in
the fit. For the normalisations of the background processes,
Gaussian constraints corresponding to the uncertainties of
the background predictions are applied. It has been verified
that the use of log-normal constraints gives similar results.
The result of the fit is shown in Fig. 5. The QCD multijet and
W+jets templates are estimated using the data-based methods
described in Sect. 4.

The normalisations for the three signal templates are
applied to the predicted differential cross section in the vis-
ible phase space, calculated using the simulated tt sample
from MadGraph+pythia. This phase space is defined as in
Sect. 6 with the requirement of four particle level jets with
pT > 30 GeV. This provides the differential cross section as
a function of the number of additional jets, which is finally
normalised to the total cross section measured in the same
phase space. The results are shown in Fig. 6 and summarised
in Table 4.

For each tt + additional jet template used in the maximum-
likelihood fit, a full correlation is assumed between the rate
of events that fulfill the particle-level selection and the rate
of events that do not. Therefore, a single template is used for
both parts.
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The measurement of the fractions of tt events with 0, 1, and
≥2 additional jets is performed using a binned maximum-
likelihood fit of the

√
χ2 templates to data, simultaneously

in both ℓ+jets channels. The normalisations of the signal tem-
plates (tt + 0, 1, and ≥2 additional jets) are free parameters in
the fit. For the normalisations of the background processes,
Gaussian constraints corresponding to the uncertainties of
the background predictions are applied. It has been verified
that the use of log-normal constraints gives similar results.
The result of the fit is shown in Fig. 5. The QCD multijet and
W+jets templates are estimated using the data-based methods
described in Sect. 4.

The normalisations for the three signal templates are
applied to the predicted differential cross section in the vis-
ible phase space, calculated using the simulated tt sample
from MadGraph+pythia. This phase space is defined as in
Sect. 6 with the requirement of four particle level jets with
pT > 30 GeV. This provides the differential cross section as
a function of the number of additional jets, which is finally
normalised to the total cross section measured in the same
phase space. The results are shown in Fig. 6 and summarised
in Table 4.

For each tt + additional jet template used in the maximum-
likelihood fit, a full correlation is assumed between the rate
of events that fulfill the particle-level selection and the rate
of events that do not. Therefore, a single template is used for
both parts.
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Associated Top+Higgs Production

Top = heaviest SM particle → largest Yukawa coupling yt to the Higgs  
 
 
 
 
 
 
 
 
 
 

Very small expected signal and large irreducible backgrounds  
→ extensive use of multivariate techniques
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ttH Status at the LHC
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Single most sensitive channel 
matrix element method in H→bb 

ATLAS: production cross section 
smaller than 3.4 times SM  
(2.2 expected) 
CMS: 3.3 times SM (2.9 expected) 

Many decay channels combined: 
(prior to matrix element results) 
2 standard deviations excess over 
SM (driven by same-sign dileptons) 

Looking forward to LHC Run II: 3–4 
times larger ttH production cross 
section

14

Results

● Fi�ed signal strength:

μ = 1.5 ± 1.1

● In agreement with SM expecta�on

● Observed (expected) exclusion limits:

σ/σSM < 3.4 (2.2)

[J. M
ontejo, La Thuile 2015]
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Top Properties &  
New Physics
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The Road to the Top

Top Quark Production

Top + “Something Else”

Top Properties & New Physics
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Top Properties: Then and Now

Guiding question at the Tevatron: is the 
top quark really the 6th quark of the SM?  
 
→ Yes, within the uncertainties.

38

ttNext step: more precision 
High-precision top quark mass 
Lots of physics information in  
polarization observables 
Searches for new physics
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Top Mass: Tevatron

Combination of Tevatron results on 
top quark mass 

Data from Tevatron Run I and Run II 
All top quark decay channels, various 
techniques 

Results: 
All results consistent within 
uncertainties 
Detailed understanding of all 
uncertainties and their correlations 
Combined uncertainty (2014): 0.4%
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)2 (GeV/ctM
150 160 170 180 190 200

0

15

CDF March’07 2.66±     12.40  2.20)±1.50 ±(

Tevatron combination * 0.64±     174.34  0.52)±0.37 ±(
  syst)± stat  ±(

CDF-II MET+Jets 1.85±     173.93  1.36)±1.26 ±(

CDF-II track 9.43±     166.90  2.82)±9.00 ±(

CDF-II alljets * 1.95±     175.07  1.55)±1.19 ±(

CDF-I alljets 11.51±     186.00  5.70)±10.00 ±(

DØ-II lepton+jets 0.76±     174.98  0.63)±0.41 ±(

CDF-II lepton+jets 1.12±     172.85  0.98)±0.52 ±(

DØ-I lepton+jets 5.31±     180.10  3.60)±3.90 ±(

CDF-I lepton+jets 7.36±     176.10  5.30)±5.10 ±(

DØ-II dilepton 2.80±     174.00  1.49)±2.36 ±(

CDF-II dilepton * 3.26±     170.80  2.69)±1.83 ±(

DØ-I dilepton 12.82±     168.40  3.60)±12.30 ±(

CDF-I dilepton 11.41±     167.40  4.90)±10.30 ±(

Mass of the Top Quark
(* preliminary)July 2014

/dof = 10.8/11 (46%)2χ

Single most precise 
measurement (DØ): 

0.43%
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Top Mass: Technology

Many of today’s analysis methods 
spear-headed at the Tevatron  

Matrix-element method (2003/4): 
Classification of events with likelihood ratio 
using (leading order) matrix element  
Exploit full (LO) event information 
Computationally expensive 

In-situ JES (2006/7):  
W boson mass known with high precision 
Lepton+jets (all-hadronic) top decays:  
1 (2) hadronic W decays 
Calibration of jet energy scale (JES) factor 
kJES with hadronic W decays

40

5

to reduce the statistical uncertainty in evaluating most
of the systematic uncertainties discussed below.

The differential partonic cross section for Pbkg is cal-
culated using the LO W + 4 jets MEs implemented in
vecbos [28]. The initial-state partons are all assumed
to have zero transverse momentum pT. As in the case of
Psig, we apply identical procedures to calculate Pbkg to
those in Ref. [12], but using the updated transfer function
W (x⃗, y⃗; kJES) and background normalization factor.

We calculate Psig and Pbkg on a grid in (mt, kJES)
with spacings of (1 GeV, 0.01). A likelihood function,
L(x⃗1, x⃗2, ..., x⃗N ;mt, kJES, f), is constructed at each grid
point from the product of the individual Pevt values
for the measured quantities x⃗1, x⃗2, ..., x⃗N of the selected
events, and f is determined by maximizing L at that grid
point. The likelihood function L(x⃗1, x⃗2, ..., x⃗N ;mt, kJES)
is then projected onto the mt and kJES axes by inte-
grating over kJES and mt, respectively. Best unbiased
estimates of mt and kJES and their statistical uncertain-
ties are extracted from the mean and standard deviation
(SD) of L(x⃗1, x⃗2, ..., x⃗N ;mt) and L(x⃗1, x⃗2, ..., x⃗N ; kJES).

Simulations are used to calibrate the ME technique.
Signal tt̄ events, as well as the dominant background con-
tribution from W + jets production, are generated with
alpgen [29] using the CTEQ6L1 set of PDFs, interfaced
to pythia for parton showering using the MLM match-
ing scheme [30]. The simulation of parton showers with
pythia uses modified tune A with the CTEQ6L1 PDF
set and fixed ΛQCD. The detector response is fully simu-
lated through geant3 [31], followed by the same recon-
struction algorithms as used on data. See Ref. [22] for
more details on MC simulations. Contributions from MJ
production are estimated with the “matrix method” [22]
and modeled using a data sample, where lepton isolation
requirements are inverted.

Seven samples of tt̄ events, five at mgen
t = 165, 170,

172.5, 175, 180 GeV for kgenJES = 1, and two at kgenJES =
0.95, 1.05 for mgen

t = 172.5 GeV, are generated. Three
samples of W + jets events, at kgenJES = 0.95, 1, and 1.05,
are produced. Together, the tt̄, W +jets and MJ samples
are used to derive a linear calibration for the response of
the ME technique to mt and kJES. For each generated
(mgen

t , kgenJES) point, 1000 pseudo-experiments (PE) are
constructed, each containing the same number of events
as observed in data. This is done by randomly draw-
ing simulated signal and background events according to
the signal fraction f from Eq. 1, which is randomly var-
ied according to a binomial distribution around the value
measured in data. Each of the PEs contains the number
of MJ events determined from the matrix method.

The signal fraction f used to construct PEs for the
calibration of the method response in mt and kJES is
extracted from data by maximizing the likelihood af-
ter integrating over mt and kJES. Five sets of PEs are
formed, for f = 0.5, 0.6, 0.7, 0.8, and 0.9 at mgen

t =
172.5 GeV, kgenJES = 1 to linearly calibrate the response
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FIG. 1: (color online) (a) Two-dimensional likelihood
L(x⃗1, x⃗2, ..., x⃗N ;mt, kJES)/Lmax for data. Fitted contours of
equal probability are overlaid as solid lines. The maximum
is marked with a cross. Note that the bin boundaries do not
necessarily correspond to the grid points on which L is calcu-
lated. (b) Expected uncertainty distributions for mt with the
measured uncertainty indicated by the arrow.

of the ME technique to f . We find f = 63% in the
e + jets and f = 70% in the µ + jets channels, with an
absolute uncertainty of 1% due to the finite size of the
data sample and the calibration in f . These values are
in agreement with the expectation for the signal yield
assuming σtt̄ = 7.24 pb [32].

With f determined as above, we proceed to form
PEs at the chosen (mgen

t , kgenJES) points, and extract lin-
ear calibrations of the ME technique response to mt

and kJES. Applying them to data, we measure mt =
174.98± 0.58 GeV and kJES = 1.025± 0.005 , where the
total statistical uncertainty on mt also includes the statis-
tical contribution from kJES. Both uncertainties are cor-
rected by the observed SD of the pull distributions [33].
The two-dimensional likelihood distribution in (mt, kJES)
is shown in Fig. 1(a). Figure 1(b) compares the measured
total statistical uncertainty on mt with the distribution
of this quantity from the PEs at mgen

t = 172.5 GeV and
kgenJES = 1. In contrast to the previous measurement [12],
we do not use the JES determined in exclusive γ+jet and
dijet events with an uncertainty of ≈ 2% to constrain
kJES. We follow this strategy because the statistical
uncertainty on the measured kJES value is substantially
smaller than the typical uncertainty on the JES, and be-
cause kJES relates jet energies at detector level to parton
energies, while JES relates jet energies at detector level
to jet energies at particle level. Splitting the total statis-
tical uncertainty into two parts from mt alone and kJES,
we obtain mt = 174.98± 0.41 (stat)± 0.41 (JES) GeV.

Comparisons of SM predictions to data for mt =
175 GeV and kJES = 1.025 are shown in Fig. 2 for the
invariant mass of the jet pair matched to one of the W
bosons and the invariant mass of the tt̄ system. The
kinematic reconstruction is identical to the one used in
Ref. [22]. The tt̄ signal is normalized to total cross sec-
tions of σtt̄ = 7.8 pb in the e + jets and σtt̄ = 7.6 pb
in the µ + jets channel, corresponding to the measured

[Phys. Rev. Lett. 113 (2014) 032002]
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Top Mass: LHC
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 [GeV]topm
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15

 0.64±     174.34 
(arxiv:1407.2682)Tevatron Comb.  Jul. 2014 

 0.76±     173.34 
(arXiv:1403.4427)World Comb.  Mar. 2014 

 0.95±     173.29 
(CONF-2013-102)LHC Comb. Sep. 2013 

 

-1 =4.6 fbintL
CONF-2014-053+1-jet)* t(tσ   2.1     

 2.3 ±173.7   

-1 =4.6-20.3 fbintL
arxiv:1406.5375) dilepton t(tσ   2.6     

 2.5 ±172.9   

 

-1 =20.3 fbintL
CONF-2014-055single top*   2.0   )± (  0.7                              2.1  ±172.2   

-1 = 4.6 fbintL
arXiv:1409.0832all jets   1.2   )± (  1.4                              1.8  ±175.1   

-1 = 4.7 fbintL
CONF-2013-077 dilepton* →  1.50 )± ( 0.64                           1.63 ±173.09 

-1 = 4.7 fbintL
CONF-2013-046 l+jets* →  1.35 )± 0.67 ± 0.27 ± ( 0.23  1.55 ±172.31 

 

-1 - 20.3 fb-1 = 4.6 fb
int

 summary - Sep. 2014, Ltopm

 syst.)± bJSF ± JSF ± (tot)      (stat. ± topm

σ 1 ±World Comb. 
stat. uncertainty

 bJSF uncertainty⊕ JSF ⊕stat. 
total uncertainty

Input to comb.→Preliminary, *

ATLAS Preliminary

 [GeV]tm
165 170 175 180

0

5

10
CMS 2010, dilepton

-1JHEP 07 (2011) 049, 36 pb
 4.6 GeV± 4.6 ±175.5 
 syst)± stat ±(value 

CMS 2010, lepton+jets
-1PAS TOP-10-009, 36 pb

 2.6 GeV± 2.1 ±173.1 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.4 GeV± 0.4 ±172.5 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.0 GeV± 0.4 ±173.5 
 syst)± stat ±(value 

CMS 2011, all-hadronic
-1EPJ C74 (2014) 2758, 3.5 fb

 1.2 GeV± 0.7 ±173.5 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1PAS TOP-14-001, 19.7 fb

 0.7 GeV± 0.1 ±172.0 
 syst)± stat ±(value 

CMS 2012, all-hadronic
-1PAS TOP-14-002, 18.2 fb

 0.8 GeV± 0.3 ±172.1 
 syst)± stat ±(value 

CMS 2012, dilepton
-1PAS TOP-14-010, 19.7 fb

 1.4 GeV± 0.2 ±172.5 
 syst)± stat ±(value 

CMS combination
September 2014

 0.65 GeV± 0.10 ±172.38 
 syst)± stat ±(value 

Tevatron combination
July 2014 arXiv:1407.2682

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

World combination March 2014
ATLAS, CDF, CMS, D0

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 

 [GeV]tm
165 170 175 180

0

5

10

 (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

CMS Preliminary

LHC has caught up quickly: central top mass value and uncertainty 
comparable to Tevatron → around 0.4% uncertainty 
Long and difficult discussion: pole mass vs. mass in MC simulation?  
→ alternative mass measurements, e.g. based on cross section

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP

https://tw
iki.cern.ch/tw

iki/bin/view
/C

M
S

P
ublic/P

hysicsR
esultsTO

P
S

um
m

aryFigures

First world combination  
(March 2014)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP
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Polarization Observables

Relevance: 
No hadronization → top quark 
spin “easily” accessible 
Standard model: tt spins correlated 
Expect imprint of BSM physics, 
e.g. supersymmetric top partners 
(“stops”) 

Example: spin correlations 
Observable leptonic asymmetry: 
difference of lepton polar angles Δɸ 
Limit on production of stops with 
masses close to the top mass  
(difficult to obtain in other searches)
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3

Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normalization
free with a fixed background normalization. The tt̄ nor-
malization obtained by the fit agrees with the theoretical
prediction of the production cross section [94]. Negative
values of fSM correspond to an anti-correlation of the top
and antitop quark spins. A value of fSM = 0 implies that
the spins are uncorrelated and values of fSM > 1 indicate
a degree of tt̄ spin correlation larger than predicted by the
SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [97].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated uncer-
tainty is estimated by varying the relative normalizations
of simulated b-jet, c-jet and light-jet samples. The uncer-
tainty due the choice of generator is determined by compar-
ing the default tt̄ sample generated by MC@NLO inter-
faced with HERWIG to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
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FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [94, 95] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1
= 1 GeV) normalized to the

NLO cross section including next-to-leading-logarithm correc-
tions [96] plus SM tt̄ production plus background is also shown
(solid green histogram). The lower plot shows those distributions
(except for background only) divided by the SM tt̄ plus back-
ground prediction.

events, showered with PYTHIA, with varied amounts of
initial- and final-state radiation. As in Ref. [42], the size of
the variation is compatible with the recent measurements
of additional jet activity in tt̄ events [98]. The Wt nor-
malization is varied within the theoretical uncertainties of
the cross-section calculation [79], and the sensitivity to
the interference between Wt production and tt̄ produc-
tion at NLO is studied by comparing the predictions of
POWHEG-BOX with the diagram-removal (baseline) and
diagram-subtraction schemes [78, 99]. As in Ref. [42], the
uncertainty due to the top quark mass is not included in
the systematic uncertainties, but would have no significant
impact on the results.

The size of the systematic uncertainties in terms of
�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is found

[arXiv:1412.4742, submitted to PRL]

No spin correlations

180 GeV stop
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Charge Asymmetry

tt production asymmetries: 
SM: small effect, contributes 
first at NLO (Kühn, Rodrigo) 
Tevatron (pp): tops like to move 
forward (= in proton direction) 
LHC (pp): t rapidity distribution 
wider than t 

Excitement at the Tevatron:  
Asymmetries significantly 
larger than predicted in SM 
Many possible explanations, 
e.g. axigluons

43

Rapidität

tt

Rapidity   Rapidität

t

t

Rapidity   

Tevatron (pp) LHC (pp)

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

FBA

0

0.2

0.4

0.6

)2 (GeV/cttParton-Level M
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FBA

0
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0.4

0.6

-1CDF Data, 9.4 fb
-1)2 (GeV/c-410× 4.8)± = (15.5 

ttMα

 Predictiontt
-1)2 (GeV/c-410× 1.2)± = (3.4 

ttMα

[P
R

D
 87 (2013) 092002]

AFB =
N(�y > 0) � N(�y < 0)
N(�y > 0) + N(�y < 0)
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Charge Asymmetry

Recent developments:  
Improved theory predictions 
Full Tevatron dataset analyzed 

Leptonic asymmetries 
(Bernreuther, Si): cleaner 
both theoretically and 
experimentally 

Larger asymmetries 
predicted at NNLO  
(Czakon, Fiedler, Mitov)
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Asymmetry, %
0 5 10 15 20

y Asymmetry (lepton+jets)∆ tt

 Asymmetry (lepton+jets and dileptons)ηLepton q

 Asymmetry (dileptons)η∆Lepton 

-1D0 9.7 fb
 3.0 % ±10.6 

2.4 % ±4.2 

 5.6 % ±12.3 

-1CDF 9.4 fb
 4.7 % ±16.4 

 %-2.6
+2.89.0

 8.2 %±7.6  

Bernreuther & Si, Phys.Rev., D86 (2012) 034026

http://w
w

w
-d0.fnal.gov/R

un2P
hysics/top/top_public_w

eb_pages/top_public.htm
l
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Charge Asymmetry

LHC: all asymmetry 
measurements compatible 
with SM predictions  
(and zero) 

Difficult to find models that 
explain deviation at the 
Tevatron and agreement with 
SM at the LHC
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CA
-0.1 0 0.1-2

8

ATLAS dilepton  0.009± 0.015 ±0.024 

ATLAS dilepton  0.017± 0.025 ±0.021 

ATLAS l+jets  0.005± 0.010 ±0.006 

CMS dilepton  0.006± 0.010 ±0.009 

CMS dilepton  0.008± 0.017 ±-0.010 

CMS l+jets  0.011± 0.010 ±0.004 
ATLAS+CMS l+jets  0.006± 0.007 ±0.005 

 0.0005  ±0.0123 Theory (NLO+EW)
[PRD 86, 034026 (2012)

 0.0003  ±0.0070 Theory (NLO+EW)
[PRD 86, 034026 (2012)

(stat)             (syst)

[PLB 717 (2012) 129]

[JHEP 1402 (2014) 107]

Preliminary

[JHEP 1404 (2014) 191]

[ATLAS Preliminary]

[JHEP 1404 (2014) 191]

[ATLAS Preliminary]

 = 7 TeV  sATLAS+CMS, 
 asymmetrytt

lepton asymmetry

Preliminary
TOPLHCWG, September 2014

stat. uncertainty
total uncertainty

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures



To summarize …
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There is Much More…
… than I could present in a one-hour talk 

Many more top properties measurements 
Searches for heavy top quark partners 
New techniques, e.g. reconstruction of “boosted tops” 
Top physics at future e+e– colliders 
… 

Check out the LHC and Tevatron experiments’ public material 
CDF: http://www-cdf.fnal.gov/physics/new/top/top.html 
DØ: http://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_public.html 
ATLAS: 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults 
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP/ 

CMS: 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures 

TOPLHCWG: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TopLHCWG
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http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_public.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TopLHCWG
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TOP 2015

48

8th International Workshop
on Top Quark Physics

Ischia, Italy, 14-18 September 2015 
Contact: top2015@infn.it

mailto:top2015@infn.it


Conclusions

Tevatron: top legacy measurements being finalized 

LHC Run I: 6 million tops on tape 
Mass and cross sections: towards precision top physics  
Top properties: exploring connection to Higgs and BSM physics 

LHC Run II: 100M tops per year → the best is yet to come


