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The Standard Model of Particle Physics

Very economic model of nature at the 
fundamental level

12 matter + 12 antimatter particles (fermions)
3 forces (carriers: bosons)

Experimental confirmation to incredible 
precision in the last 30+ years, very little 
(persistent) tension up to now

Last missing ingredient: the Higgs boson
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[CERN]

The standard model fits on a t-shirt!

[Fermilab Media Service]



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]

A Brief History of the Top Quark

1973: CP violation in the 
standard model requires three 
quark generations

1977: discovery of the bottom 
quark → first quark of the 3rd 
generation

1980ies: search for “light” top 
quarks in the decay W+ → tb, 
electroweak precision data 
indicate “heavy” top

1992: first indication for “heavy” 
top quarks at the Tevatron

1995: Tevatron experiments 
CDF and DØ publish discovery 
of the top quark with a mass of 
about 175 GeV
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Top – The Special One
Large mass: mt ≈ 173 GeV 
(40×mb, approx. mass of a gold atom)

Mass close to scale of electroweak 
symmetry breaking (EWSB) 
→ Yukawa coupling f ≈1:

→ important role in models that 
explain EWSB 

Top is the only „free” quark: life time 
much smaller than hadronization time

→ No bound states
→ Spin transfered to decay products
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event display: 
candidate for 
a top pair 
decay at CDF 
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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?
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Reminder: Hadron Collider Kinematics

Hadron collider: collisions of 
“broadband” parton beams

Longitudinal momentum fractions xi 
unknown → partonic center of mass 
frame unknown
Consequence: use only Lorentz 
invariant transverse quantities, 
e.g. transverse momentum

Indirect reconstruction of “invisible 
particles” (e. g. neutrinos): 
missing transverse energy (MET) 
from transverse momentum balance
Instead of polar angle: use 
pseudorapidity
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Analyzing Top Quark Events

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

Challenging signature: multiple 
leptons & jets, MET

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
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Your Program for Tonight

8

From the Tevatron to the LHC

Top Quark Pair Production

What’s Next in Top Physics?

The Advent of the Higgs?
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From the Tevatron to the LHC
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Tevatron Run II: 2001–2011
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Fermi National Accelerator Laboratory – Aerial View

[Fermilab Visual Media Service]

2 km

Tevatron

Proton-antiproton collider: 
√s = 1.96 TeV
End of Tevatron operation: 
September 30, 2011
Total integrated luminosity: 
12 fb–1 (10 fb–1 for analysis)
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LHC – the Large Hadron Collider

Ju
ra
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LHC Accelerator:
proton-proton and 
lead-lead collisions

ATLAS Experiment: 
multi-purpose experiment

Lake Geneva

CMS Experiment:
multi-purpose experiment

ALICE Experiment:
heavy ion physics

LHCb Experiment:
CP violation and B physics

CERN accelerator complex, 
about 100 m under ground
LHC circumference: ~27 km
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CMS – Compact Muon Solenoid
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Muon Detector

Calorimeters

Tracking Detectors

CMS fact sheet
length:  21 m
diameter:  15 m
weight:  14 ktons 
channels: 80 M
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CMS Photo Gallery
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Lowering YB0 (central wheel & magnet) 

Tracker Insertion

Off-detector Electronics
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Luminosities: Tevatron vs. LHC
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LHC 2010/2011: 7 TeV
Record instantaneous lumi: 
3.5×1033 cm–2 s–1

About 5 fb–1 (= 800,000 top 
pairs) per experiment
Exceeding expectations

store number
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)-1Luminosity (pb
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Tevatron Run II 2001–2011
Record instantaneous lumi: 
4.4×1032 cm–2 s–1

About 10 fb–1 (= 70,000 top 
pairs) per experiment
Long commissioning 
phase, then smooth sailing
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W, Z and Top at the LHC

15

W Z γW γZ tt t WW WZ ZZ

 [p
b]

to
ta

l
σ

10

210

310

410

510

-11 fb

-11 fb

-11 fb

-10.7 fb

-10.7 fb

)-1Data 2010  (~35 pb
Data 2011

Theory

ATLAS PreliminaryATLAS PreliminaryATLAS Preliminary
-1 L dt = 0.035 - 1.04 fb∫

 = 7 TeVs

-1 L dt = 0.035 - 1.04 fb∫
 = 7 TeVs

-1 L dt = 0.035 - 1.04 fb∫
 = 7 TeVs

as of July 21, 2011

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots]

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/CombinedSummaryPlots
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Top Quark Pair Production
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Top Pair Production: From Tevatron to the LHC
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[https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-040/]

Status of March 2011

Cross section: more than 
20 time higher at 7 TeV
At high energies: cross 
sections very similar for 
pp and pp collisions

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-108/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-108/
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Precision Top Cross Section Measurement
Top pair production cross section at 
current LHC energies:

At the LHC: top is becoming the new 
“standard candle” of particle physics – 
abundant and precisely known
Theory: “approximate” NNLO calculations 
→ uncertainties below 10%

Example: ATLAS measurement 2011
Decay channel: muon/electron + jets
Extract cross section from event 
kinematics
Multivariate discriminant: projective 
likelihood estimator build from few well-
modeled kinematic variables
Profile likelihood template fit: constrain 
major systematic uncertainties in situ

18

Gluon-Gluon Fusion (LHC: 80%)

Quark-Antiquark Annihilation 
(LHC: 20%)
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Top Cross Section: Result

Final fit to discriminant in six regions  (muon/electron+ 3,4,≥5 jets)

Result: 
Most precise top cross section at the LHC → 6.6% relative uncertainty
Good agreement with theory (QCD at approx. NNLO): 
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What’s Next in Top Physics?
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Top Physics Makes Prime Time!

22

The Big Bang Theory
on ProSieben (again in 2012)

http://www.cbs.com/primetime/big_bang_theory/

D. Saltzberg, 
UCLA

http://www.cbs.com/primetime/big_bang_theory/
http://www.cbs.com/primetime/big_bang_theory/
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Many Ways to go Beyond Top

Searches at Tevatron &  LHC include:
Heavy Z’ or KK gluon decaying to tt
Heavy tops T decaying to tt+X
Anomalous missing transverse momentum 
in top events
Like-sign tops
Charged Higgs in t → H+b
Fourth generation t’ → bW
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Boosted Tops

At LHC energies: top may have 
significant Lorentz boost

Decay products are collimated
Hadronic top decays 
t → Wb → qq’b
can have three overlapping jets

New algorithms available to 
deal with such “fat jets” 

Reconstruct jets with sequential 
recombination algorithms (e.g. kT) 
Resolve jet-substructure 
→ efficient top reconstruction and 
tagging at large boost

Successfully applied to e.g.
Search for tt resonances
Higgs search: H → bb
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Event Display: All-Hadronic Top Decay

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11006
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11006
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Heavy Narrow Resonances Decaying to Top

Heavy resonance models
Generic model at Tevatron and LHC: 
leptophobic Z’ → narrow resonance in tt 
invariant mass spectrum
Randall-Sundrum model: Kaluza-Klein 
gluons decaying to tt → broad resonance

CMS search (Summer 2011)
Reconstruction of boosted tops in µ+jets: 
8–12% resolution in Mtt above 1 TeV
Narrow Z’ with masses above 1.35 TeV:
sub-picobarn limits on production cross 
section for pp → Z’ → tt 
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Asymmetries in Top Production

Tevatron: top preferably produced in direction of the incoming p or p?
Physics: interference between amplitudes even/odd in t↔t 
→ NLO effect  [Kühn, Rodrigo, PRL 81 (1998) 49]

N.B.: this has nothing to do with C violation, everything is CP conserving QCD
Tevatron: 

pp is a CP eigenstate Nt(y) = Nt(–y) 
Charge asymmetry → forward-backward asymmetry, e.g. expressed as “pair 
asymmetry”: rapidity difference qΔy = yt – yt

Theory expectations at NLO: 7.3% (with about 15% relative uncertainty)
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Att̄ =
N((yt � yt̄ ) > 0) � N((yt � yt̄ ) < 0)
N((yt � yt̄ ) > 0) + N((yt � yt̄ ) < 0)

The leading QCD contributions to AFB

diagrams involving interference of C = 1 and C = −1 amplitudes are odd
under t ↔ t̄ and generate asymmetry [Kuhn, Rodrigo ’98]

contributions arise from qq̄ (dominant) and qg (suppressed) channels

gg channel charge symmetric to all orders

AQCD
FB =

σA

σS
=

α3
s σ

(0)
A,qq̄ + α3

sσ
(0)
A,qg + α4

sσ
(1)
A,qq̄ + . . .
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S + α3
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S + . . .

= αsA
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FB + . . .

will call A
(0)
FB “NLO”, since uses dσ at NLO

Ben Pecjak (Mainz U.) top-quark charge asymmetry 29.09.11 6 / 27
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Asymmetries in Top Production

Surprising Tevatron results:
Asymmetry is much larger than expected 
(observed both in CDF and DØ)
Asymmetry seems to increase with 
invariant mass of tt pairs (only CDF)
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bber,eWrixione and B.R.FS.

, 029 (2002)06JHEP 

[http://www-d0.fnal.gov/Run2Physics/
WWW/results/final/TOP/T11O/]
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Enter the LHC

Top charge asymmetry at the LHC 
pp is parity eigenstate → no forward-backward asymmetry
Bose symmetry: dominant process gg →  tt is symmetric
But: there is still a small (differential) charge asymmetry at NLO

LHC analyses in a nutshell
CMS observables: Δ|η| = |ηt| – |ηt| and Δy2 = yt2 – yt2

ATLAS observables: Δ|y| = |yt| – |yt|
Analysis strategy: reconstruct “raw” observables 
→ unfold detector effects (ATLAS: iterative Bayesian, CMS: regularization)
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TOP 2011, Sant Feliu de Guixols3 09/29/2011
Charge Asymmetry at LHC

Charge Asymmetry at LHC

η

top
anti-top

LHC

η

top
anti-top

Tevatron

LHC: symmetric proton-proton collisions

→ charge asymmetry cannot result in a forward-backward asymmetry as at        

    Tevatron

Visible effects at LHC:

Proton-PDF: Quarks in initial state have on average larger momentum than 

anti-quarks.

Charge Asymmetry transfers boost difference to top-antitop final state.

→ expected effects at LHC smaller due to larger gg→tt contribution
-
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ATLAS
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ATLAS Combined Result:
AC = –2.4 ±1.6(stat) ±2.3(syst) %
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CMS
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… which leaves our theory colleagues puzzled
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Most popular models . . . after 2011 LHC data
q

q

t

t

s channel:

Gµ ⇠ (8, 1)0

0809.3354 , 0906.0604 , 0911.2955 , 1007.0243 , 1011.6380 , 1011.6557 ,

1101.2902 , 1101.5203 , 1103.0956 1104.1917 , 1105.3158 , 1105.3333 ,

1106.0529 , 1106.4054 , 1107.0978 , 1107.1473 , 1107.2120 , 1107.5769 ,

1109.0648

u

u

t

t

t channel:

Z 0 ⇠ (1, 1)0
0907.4112 , 1101.4456 , 1101.5625 , 1102.0545 , 1103.1266 1103.4835 ,

1104.1385 , 1104.3139 , 1106.5982 , 1108.0350 , 1108.1802

W 0 ⇠ (1, 1)1
0908.2589 , 1002.1048 , 1003.3461 , 1101.1445 , 1101.5392 , 1102.0279

1104.0083 , 1105.4606

� ⇠ (1, 2)
� 1

2
1104.4782 , 1107.0841 , 1107.4350 , 1108.4005

u

u

t

t

u channel:
!4 ⇠ (3, 1)

� 4
3

⌦4 ⇠ (6̄, 1)
� 4

3

0911.3237 , 0911.4875 , 0912.0972 , 1007.2604 , 1102.3374 ,

1102.4736 , 1103.2757 , 1108.4027

AC = �0.016 (CMS), �0.024 (ATLAS)

t t̄ tail ⇠ SM

single top?
top FCNC?

t t̄ tail ⇠ SM

J. A. Aguilar Saavedra (Univ. Granada) Overview of models for the t t̄ asymmetry TOP 2011 29 / 56
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The Upcoming Run: 2012 Energy

Running conditions for 2012 
currently under discussion

Center of mass energy: 7 or 8 TeV 
(or starting with 7 TeV and then 
moving up to 8 TeV)
Decision during Chamonix retreat, 
early 2012

Running at 8 TeV 
Machine physicists: magnet 
quenching risk manageable 
(remember the 2008 incident!)
Gains in almost all channels, e.g. top 
cross section about 1.4 times larger
Higher reach for searches for new 
physics
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ŝ = 2mt ⇡ 346 GeV [C

. Q
uigg, arX

iv:1101.3201]

Factorization
production cross section = 

parton lumi ⊗ partonic cross section



Top and Beyond – From the Tevatron to the LHC Ulrich Husemann
Institut für Experimentelle Kernphysik (IEKP)

12/20/201133

Not yet approved!

[Paul Collier, LHCC, September 21, 2011]

Long shutdown 1 (2013/4):
LHC: upgrade to 13/14 TeV
ATLAS: Insert new pixel 
detector layer between beam 
pipe and existing layers
CMS: preparation for 
replacement of pixel detector

Long shutdown 2 (2018):
LHC: preparations for high-
luminosity running
ATLAS: replacement of full 
pixel detector (?)
CMS: replacement of full 
pixel detector 2016/2017

Long shutdown 3 (2022):
LHC: high-luminosity phase 
(5×1034 cm2 s–1)
ATLAS & CMS: replacement 
of all tracking detectors

Longer Term Planning
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CMS Pixel Detector Replacement

Motivation: keep equal or 
better performance at 
very high luminosities

Much larger number of particles per 
bunch crossing 
→ more readout channels
Current detector: aging and radiation 
damage → replace, add redundancy

New CMS pixel detector: 
3 layers → 4 layers,
To be installed in winter shutdown 
2016/2017 → (almost) plug & play
Better resolution for impact parameters 
of charged particle tracks 
→ improved B-tagging
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Current CMS Barrel Pixel Detector
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The Advent of the Higgs?
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The Top, the W, and the Higgs
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Top, W, and Higgs masses: closely related by loop corrections
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Precision Top Mass Measurements

One of the most important 
Tevatron legacies

Two key ideas for 
ultimate precision

Squeeze the most out of each 
event: matrix element method 
→ likelihood built from matrix 
element for tt production and 
decay
Dominant uncertainty: jet energy 
scale → constrain by measuring 
the W boson mass in situ 
(t → Wb, W → 2 jets)

Summer 2011 combination 
(CDF+DØ, arXiv:1107.5255)

→ 0.9 GeV (=0.5%) uncertainty!
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To obtain a 1D likelihood curve inmt only, we treat!JES

as a nuisance parameter and eliminate it using the profile
likelihood method [21], where we take the maximum value
of the likelihood along the!JES axis for eachmt value. The
top quark mass value extracted from the profile likelihood
after calibration ismt ¼ 173:0" 0:9 GeV=c2. We can sep-
arate this uncertainty into the statistical uncertainty on mt

and the uncertainty due to !JES by fixing the !JES value to
its maximum likelihood value. We find that the uncertainty
from the resulting 1D likelihood is 0:7 GeV=c2, so we
assign the remaining uncertainty of 0:6 GeV=c2 to !JES

and conclude mt ¼ 173:0" 0:7ðstatÞ " 0:6ðJESÞ GeV=c2.
To validate the likelihood cut procedure, we compare the

peak values of the log-likelihood curves obtained with data
to those obtained with Monte Carlo-simulated events at
mt ¼ 172:5 GeV=c2 (the nearest available mass value).
The results are shown in Fig. 3.

The systematic uncertainties onmt, given in Table II, are
derived using the methods described in Ref. [5]. In brief,
we include uncertainties coming from: the calibration
method, signal Monte Carlo modeling, evaluated by com-
paring events simulated with the PYTHIA and HERWIG [22]
generators, variations of the parameters used for initial
state radiation and final state radiation, a residual JES
uncertainty because the JES uncertainty contains several
components with different pT and ! dependence, addi-
tional uncertainties on the energy scale for b jets, uncer-
tainty on the lepton pT scale, multiple hadron interactions,
to take into account uncertainty on the jet corrections as a
function of the number of interactions in the event, uncer-
tainties arising from the PDFs used in the integration, and
the background modeling. This analysis includes a system-
atic uncertainty due to color reconnection effects, not
considered in our previous analysis. We use PYTHIAversion
6.4.20, which includes a color reconnection model [23],
and measure the difference between two tunes, Tune A,
which is the tune used in this analysis, and Tune ACR,
which adds color reconnection effects to Tune A. The
individual systematic uncertainties are added in quadrature
to obtain the final total of 0:9 GeV=c2.
In conclusion, the measured top quark mass in a sample

with 5:6 fb%1 of integrated luminosity, with 1087 events
passing all cuts, is mt ¼ 173:0" 0:7ðstat:Þ " 0:6ðJESÞ "
0:9ðsyst:Þ GeV=c2, for a total uncertainty of 1:2 GeV=c2.
The improved integration techniques and increased data
sample make this the best single measurement of the top
quark mass to date, and it is comparable in precision to the
most recent combination for the top quark mass at the
Tevatron [2].
We thank the Fermilab staff and the technical staffs of

the participating institutions for their vital contributions.
This work was supported by the U.S. Department of
Energy and the National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
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line at 10 indicates the likelihood cut used in this analysis. A
Kolmogorov-Smirnov test gives a confidence level of 0.93,
showing good agreement between the two.

TABLE II. List of systematic uncertainties on mt.

Systematic Source Uncertainty (GeV=c2)

Calibration 0.10
Monte Carlo Generator 0.37
Initial State Radiation
and Final State Radiation

0.15

Residual JES 0.49
b-JES 0.26
Lepton pT 0.14
Multiple Hadron Interactions 0.10
PDFs 0.14
Background Modeling 0.33
Color Reconnection 0.37
Total 0.88
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Summer 2011 LHC Higgs Combination
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Latest News from the Higgs

Results of Higgs searches using the full 2011 dataset (12/13/2011) CMS:
127–600 GeV (erwartet: 117–543 GeV)
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Latest News from the Higgs
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Modest excess, mainly around 124-126 GeV 
→ compatible with SM Higgs, but statistical 
significance not large enough to say anything 
conclusive 
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Summary and Conclusions

Tevatron: 20 very successful years 
for  top physics coming to an end

Established the field: ideas, 
measurement techniques, …
Important legacy measurements, 
e.g. top mass, FB asymmetry

LHC physics program in full swing 
and top is a key ingredient

Precision measurements, 
searches for new physics beyond top, 
calibrations with tops
Many new ideas to be exploited

LHC long term perspective
13–14 TeV CM energy from 2014
Two-phase upgrade for high luminosity
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