
KIT – University of the State of Baden-Wuerttemberg and 
National Research Center of the Helmholtz Association

Ulrich Husemann
Institut für Experimentelle Kernphysik, Karlsruhe Institute of Technology

www.kit.edu

Annual Workshop of the DFG Research Training Group 1694
“Elementary Particle Physics at Highest Energy and Precision”
Bad Liebenzell, October 5–7, 2011

Top Quark Physics and Silicon Detectors:
Key Ingredients for the LHC Menu

http://www.kit.edu
http://www.kit.edu


Ulrich Husemann Institut für Experimentelle Kernphysik (IEKP)10/07/2011 – Top Quark Physics and Silicon Detectors

Your Server’s Scientific Life on One Slide

2

PhD thesis: HERA–B (Universität Siegen)
Fixed-target spectrometer using the HERA proton beam
Muon pretrigger, nuclear effects in J/ψ production

Postdoc: CDF (University of Rochester, Yale University)
Properties of the top quark, especially 
search for flavor changing neutral currents in top decays
Co-leader of the CDF silicon group
Co-convener of the CDF tracking group

Young Investigator Group leader: ATLAS (DESY)
Preparation for the upgrade of the ATLAS silicon detectors
Precision measurements of the top production cross section
Co-convener of the ATLAS top reconstruction group

Professor at KIT since July 2011: CMS 
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Your LHC Menu for Today
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Appetizers: Little Bites of Top and Silicon

Main Course: Top Physics

Dessert: What’s Next at the LHC?
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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

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

1980ies: search for “light” 
top quarks in the decay
W+ → tb

1992: first indication for 
“heavy” top quarks at the 
Tevatron (Fermilab, near 
Chicago)

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 (09/24/92)
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Tevatron Run II: 2001–2011
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Fermi National Accelerator Laboratory – Aerial View
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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
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Lake Geneva

CERN accelerator complex, 
about 100 m under ground
LHC circumference: ~27 km
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LHC Accelerator:
proton-proton and 
lead-lead collisions

Lake Geneva

CERN accelerator complex, 
about 100 m under ground
LHC circumference: ~27 km
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LHC – the Large Hadron Collider

Ju
ra

8

LHC Accelerator:
proton-proton and 
lead-lead collisions

ATLAS Experiment: 
multi-purpose experiment

Lake Geneva

CMS Experiment:
multi-purpose experiment

CERN accelerator complex, 
about 100 m under ground
LHC circumference: ~27 km
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LHC – the Large Hadron Collider
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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:
matter/antimatter symmetry

CERN accelerator complex, 
about 100 m under ground
LHC circumference: ~27 km
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Basic Ingredients of a Collider Detector
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Tracking Detectors Calorimeter
electromagnetic hadronic

Muon Detector

Photon

Electron/Positron
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Tracking, Vertexing, B-Tagging
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Tracking & vertexing
Charged particle tracking at small 
distances (~5 cm) from collision 
point: precise reconstruction of 
vertices
Charged particle tracking at large 
distances (~1 m): precise 
momentum measurement

Collision

Detector
Layer

Charged
Particle
TrajectorySpace

Point

Vertex
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Tracking, Vertexing, B-Tagging

Identify hadrons with b-quarks via 
their long lifetimes (picoseconds) 
→ parts of the tracks come from 
displaced secondary vertex
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Tracking & vertexing
Charged particle tracking at small 
distances (~5 cm) from collision 
point: precise reconstruction of 
vertices
Charged particle tracking at large 
distances (~1 m): precise 
momentum measurement
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Tracking, Vertexing, B-Tagging

Identify hadrons with b-quarks via 
their long lifetimes (picoseconds) 
→ parts of the tracks come from 
displaced secondary vertex
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Tracking & vertexing
Charged particle tracking at small 
distances (~5 cm) from collision 
point: precise reconstruction of 
vertices
Charged particle tracking at large 
distances (~1 m): precise 
momentum measurement

Collision

Detector
Layer

Charged
Particle
TrajectorySpace

Point

Vertex
CMS: “particle flow” integrates 

tracking and calorimetry 
→ improved jet reconstruction
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LHC Choice for Tracking Detectors: Silicon

Example: hybrid pixel detectors
Detector = semiconductor diode with pn junction in reverse bias → depletion zone
Charged particles ionize detector material → electron/hole pairs induce signal
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Bulk (n doped)
Backplane (p+ doped)

Implants: n+ doped
pixels (e.g. µm2)

250–300 µm

Reverse Bias Voltage 
approx. 150 V

Readout Chip:
Amplification
(Digitization)

Charged
Particle

+
+
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Electrical 
Signal

PbSn or Indium Balls (“bump bond”)
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Main Course

12



Ulrich Husemann Institut für Experimentelle Kernphysik (IEKP)10/07/2011 – Top Quark Physics and Silicon Detectors

t

t
Proton

b

b

Proton

W+

q

q’

W–ν

l–

Central Questions in Top Quarks Physics
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Central Questions in Top Quarks Physics

13

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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Central Questions in Top Quarks Physics

13

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?

On today’s menu:

Search for flavor 
changing neutral 
current top decays 
with CDF 
[PRL 101 (2008), 192002]

Precision measurement 
of top pair production at 
ATLAS 
[publication in preparation]
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Analyzing Top Quark Events

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

Challenging signature: multiple 
leptons & jets, missing ET (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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Top Flavor-Changing Neutral Currents

15

Flavor-changing neutral 
currents (FCNC)

Standard model: no FCNC on 
tree level
Quantum corrections: 
suppression via GIM mechanism 

FCNC in top physics
Extremely small branching 
fractions in the standard model, 
e.g.  B(t → Zq) ≈ 10–14

Some new physics models: 
B(t → Zq) up to 10–4

Tevatron (also HERA and LHC): 
Search for FCNC both in top 
quark production and decay

Generic
FCNC

q q’

γ,g,Z,H

[after J.A. Aguilar-Saavedra, 
Acta Phys. Polon. B35 (2004) 2695]

Model B(t→Zc)

Standard Model O(10–14)

Quark Singlet with q = 2/3 O(10–4)

Two Higgs Doublets O(10–7)

MSSM O(10–6)

SUSY with R-Parity Violation O(10–5)

Pinguin Diagram 
for t→Zq

t c,uW+

Ȗ�=

b,s,d
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Search for FCNC in Top Decays

Search for t → Zq at CDF

Challenge: irreducible 
background from SM Z+jets 
production → mass χ2

Template fit to determine signal 
and background contributions

No evidence for a signal:

Limit on FCNC branching fraction
B(t → Zq) < 3.7% (95% C.L.)

Improved only recently by DØ:
B(t → Zq) < 3.2% (95% C.L.)

First LHC result from 2010 data 
(ATLAS): B(t → Zq) < 17%
→ will be competitive very soon
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[Phys. Rev. Lett. 101 (2008) 192002] 
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Intermezzo: What is Template Fitting?

Poisson likelihood function:

Compare number of events n in 
each bin to expected number ν(β)
Maximize L (minimize –ln L)
best “overall compromise” for 
parameter of interest β

Limitations of this approach:
Underlying assumption: template shape is perfectly known
Reality: templates are often built from MC simulation or data “sidebands” 
→ limited statistics, systematic shape uncertainties (e.g. non-perfect simulation)
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Intermezzo: What is Template Fitting?

Improvement: template morphing
Allow templates shape to vary within 
the uncertainties 
Interpolate between few templates with 
a “morphing parameter” δ 
(e.g. δ = 0 for nominal shape)
Add morphing parameter as additional 
“nuisance parameter” in the fit 
→ let the data constrain the uncertainty 
(improves with size of dataset)

Final maximum likelihood fit
Fit for parameter of interest (e.g. FCNC 
branching fraction) and several 
nuisance parameters simultaneously
Advanced techniques to extract 
parameter of interest: “profiling” and 
“marginalization”
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Top Cross Section Measurement with ATLAS

Top pair production cross section at 
current LHC energies:

Theory: full next-to-leading order (NLO) calculation and 
large parts of NNLO calculation available 
→ uncertainties below 10%
LHC experiments: best 2010 analyses with approx. 13% 
uncertainty (10% after combination), lots of ideas how to 
reduce uncertainties with 2011 dataset
At the LHC: top is becoming the new “standard candle” 
of particle physics – abundant and precisely known

Basic analysis idea
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

19
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Top Cross Section: Input Variables
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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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Top Mass from Cross Section

Which top mass is measured at 
Tevatron and LHC?

Short answer: it’s the mass 
parameter in the MC simulation
MC mass parameter expected close 
to the pole mass (certainly < 1 GeV)

Alternative way to extract mass: 
relation to production cross section

Method pioneered in DØ, now also 
results from ATLAS & CMS
Theory: strong mass dependence 
(mainly due to top propagator)
Experiment: weak mass dependence 
(acceptance effects)

Result (2010 data):
22
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Our Plans for the Near Term Future

Guiding question: what else is 
going on in top events?

Topic I: Top & additional (b-)jets 
“As busy as it gets in the SM…”
Test of perturbative QCD
Several new physics models predict 
additional jets as well

Topic II: ttH production
Large background from tt+jets 
(especially ttbb)
→ not a “Higgs discovery channel”
Measurement of Yukawa couplings 
at the LHC
Very challenging channel 
→ start preparatory work now

23
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Preferred decay: 
H→bb (BR≈50%)

→ have to exploit 
“boosted Higgs” 
techniques to be 

sensitive

b

b
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Dessert

24
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LHC High Luminosity Upgrade: Physics Case
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LHC High Luminosity Upgrade: Physics Case
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CERN: long-term commitment 
to LHC
Goal: deliver 3000 fb–1 of 
integrated luminosity by 2030 
→ at least 5× increase in 
instantaneous luminosity
Detectors must be upgraded: 
old detector aging and radiation 
damage, performance and 
radiation hardness at high 
luminosity
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Longer Term Planning
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Not yet approved!

[Paul Collier, LHCC, September 21, 2011]
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[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
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26

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

Long shutdown 3 (2022):
LHC: high-luminosity phase 
(5×1034 cm2 s–1)
ATLAS & CMS: replacement 
of all tracking detectors
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LS3: New Trackers

Long shutdown 3: ATLAS (and CMS) 
replaces entire tracking system

Current ATLAS tracking: silicon pixels – 
silicon strips (SCT) – transition radiation 
tracker (TRT)
Replacement: all-silicon tracker with higher 
granularity

DESY involvement: endcaps of the new  
silicon strip detector

Geometry: wheels made out of 
32 “petals” (diameter: 2 meters)
Development of light-weight petals: silicon 
strip module + readout cables glued on a 
light-weight carbon fiber structure with 
cooling tubes embedded
Currently: construction and tests of 
prototype detector modules

27

Preparation for the ATLAS
Tracker Upgrade: PETAL2014 –
A SCT Endcap Petal Prototype

Capital Investment Proposal
submitted to the DESY PRC by the DESY ATLAS Group

Contacts:
I.-M. Gregor (ingrid.gregor@desy.de)

U. Husemann (ulrich.husemann@desy.de)

PETAL2014

March 29, 2010
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Exploded View of 
Early Petal Design

6 different 
sensor layouts
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Abbildung 3.3: Vollständig montierter Prototyp eines Stave-Moduls. Auf dem rechtecki-
gen Silizum-Streifen-Sensor sind zwei Hybride angebracht. Beide Hybride sind vollständig
mit Auslesechips bestückt, und alle Wire-Bonds zwischen den Kanälen der Chips und den
Sensor-Streifen wurden hergestellt. Das Modul befindet sich noch innerhalb einer Rah-
menplatine, die die Verbindung mit dem Test-Auslesesystem und der Stromversorgung
über die Stiftleisten erleichtert. Zu sehen sind weiterhin die Verbindungsschläuche für
das Unterdrucksystem und zum Kühlkreislauf, die durch den Metallblock führen, auf
dem das Modul liegt. Durch den Unterdruck liegt der Sensors fest an der Oberfläche
des Metalblocks an, wodurch die Handhabung während der Montage und der thermische
Kontakt verbessert wird.

Sensor960

Für die Forschungs- und Entwicklungsarbeit für neue Silizium-Streifen-Module und
für Untersuchungen der Strahlenhärte wurden im Rahmen des ATLAS07-Projekts
[6] 9,75 cm ◊ 9,75 cm große Mikrostreifen-Detektoren entworfen. Sie werden als Sen-
soren für die gegenwärtigen Prototypen für Stave-Module eingesetzt.

965

Bei den ATLAS07-Sensoren handelt es sich um einseitige Silizium-Streifen-Sen-
soren mit einer Sensordicke von 320 µm. In Hinblick auf die zu erwartende hohe
Strahlenbelastung beim Betrieb als Teil des neuen SCTs wurde für die Sensoren eine
n-in-p-Bauweise gewählt [35]. Diese Wahl ermöglicht einen durchgängigen Betrieb
auch unterhalb der vollständigen Verarmungsspannung, und durch die Auslese von970

Elektronen wird eine kürzere Auslesezeit und ein geringerer Ladungseinfang durch
Gitterdefekte erreicht, als dies bei der Auslese von positiven Löchern der Fall wäre
(vgl. Abschnitt 2.5).

Prototype Silicon Strip Module
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LS2: CMS Pixel Detector Replacement

Motivation
Current detector suffering from aging and 
radiation damage → replace, add redundancy
Need to cope with much larger number of 
particles per bunch crossing than today 
→ more readout channels

Upgrade plans
New geometry: 3 layers → 4 layers, 
innermost layer closer to collision point, 
outermost layer further away
One advantage: better resolution for impact 
parameters of charged particle track 
→ improved B-tagging
Basic building blocks: pixel modules 
→ only small changes (next slide)
To be installed around 2016–2018
→ (almost) plug & play

28

Current CMS Barrel Pixel Detector
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CMS Barrel Pixel Module

[G. Steinbrück after W. Erdmann]

SiN

upgrade: micro twisted pairs

High density
interconnect

Read-out
chips

16×62 mm2

66,560 pixels

Token bit
manager

bump bonding:

miniaturized…
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CMS Barrel Pixel Module

[G. Steinbrück after W. Erdmann]

SiN

upgrade: micro twisted pairs

High density
interconnect

Read-out
chips

16×62 mm2

66,560 pixels

Token bit
manager

bump bonding:

miniaturized…

German CMS groups: 
build and test new fourth 
pixel layer

KIT: assembly and tests 
of pixel modules for half 
of the fourth layer
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L’Addition S.V.P.

Top quark physics: 
key element of LHC physics

Challenging decay patterns: 
prototype for any high-pT analysis 
at the LHC
Heaviest known elementary 
particle: key to new physics?
Associated top-Higgs production: 
access to Yukawa couplings

Silicon detectors: key element of 
LHC detectors

Precision tracking and vertexing, 
identification of B hadrons
Silicon detector upgrades: 
ensure reliable tracking/vertexing 
performance in an increasingly 
harsh hadronic environment
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