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Objective of Elementary Particle Physics
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Big Bang in the Lab?
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The Tevatron Collider at Fermilab
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The Large Hadron Collider (LHC) at CERN

currently: √s = 7 TeV
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Number of Events for Data Analysis
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11 fb-1 delivered
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Integrated Luminosity

Tevatron LHC

0.74 fb-1 delivered
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4.3x1032 cm-2 s-1
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Peak Luminosity

Tevatron LHC

13x1032 cm-2 s-1
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4.3x1032 cm-2 s-1
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Peak Luminosity

Tevatron LHC

13x1032 cm-2 s-1
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Data Taking Efficiency

Tevatron LHC
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Data Taking Efficiency

Tevatron LHC
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Cross Sections

• a lot more 
“uninteresting” than 
“interesting” processes, at 
design luminosity   
(L=1034 cm-2s-1):
- any event:           109 / second
- W boson:            150 / second
- top quark:              8 / second
- Higgs (150 GeV): 0.2 / second

• “interesting” events get 
selected by
- trigger: online selection to find 
events with hard jets, leptons etc.
- physics analysis: offline selection to 
enhance signal over background ratio
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Number of Events

• similar size of electroweak samples: top, W, Z
• LHC is superior for
   - production of heavy particles (e.g. squark&gluons, Z’ and W’ bosons, ...) 
   - high pT physics (e.g. quark substructure)
   - many B physics analyses (e.g. rare decays in Bs ➞ μ+μ- , CP violation in Bs ➞ J/Ψ ϕ 
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Part I:
QDC

Electroweak Physics
Top Quark Physics

Search for the SM Higgs

Part II:
Searches for Physics Beyond the SM
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Outline
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Outline

16

W, Z bosons

top quark

Higgs 
boson

jets
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Outline
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jets
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What is a Cross Section?
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Cross Section in Hadron Hadron Scattering
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Parton Density Functions: HERA
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gluons

sea
quarks

valence
quarks
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Jet Cross Sections

21

, LHC: rq<10-19 m
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High Mass Dijet event, M=1.4 TeV
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Dijet Event at the LHC
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Jet Cross Sections, Tevatron
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Jet Cross Sections, LHC

10
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Strong Coupling Constant
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Outline
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W, Z bosons
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Electroweak Interaction
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W and Z Production at the LHC
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ℓ+

ν

ℓ+

ℓ-
ee

eν

μν

μμ
measurements already 
systematically limited 
(luminosity)
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ZZ➞ℓℓℓℓ Production

30

ℓ+

ℓ-

ℓ-

ℓ+

Z/γ*

Z/γ*

- data: 10 events
- signal: 8.73±0.45
- background: 0.35±0.04
   (jets faking electrons, 

muons in jets, top pair 
production)

important background 
to H➞ZZ searches...

eeee, eeμμ, μμμμ



- Christian Schwanenberger -SM+Higgs at Hadron Colliders HCPSS 2011, CERN

ZZ➞ℓℓℓℓ Production
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ℓ+

ℓ-

ℓ-

ℓ+

Z/γ*

Z/γ*

SM: σ(Z/γ*Z/γ*) =1.4 ± 0.1 pb

smallest cross section measured at hadron collider

eeee, eeμμ, μμμμM1(Z/γ*)
>70 GeV

M2(Z/γ*)
>50 GeV

σ(pp➞Z/γ*Z/γ*) =1.40 ± 0.42pb
_

(combined with ℓℓνν)
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WW/WZ Production
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ℓ
ν

jet

W

Z

SM: σ(WW/WZ) =15.9 ± 0.9 pb

Albert will discuss the bump...

σ(pp➞WW/WZ) =18.1 ± 4.1pb
_

fit to dijet mass:

jet
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Electroweak Cross Sections: Summary
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LHC: impressive progress (including τs, diboson)
Tevatron: measured cross sections O(1 pb)
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Z Boson-Quark Couplings

34

T reversed process
compared to LEP
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Z Boson-Quark Couplings
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T reversed process
compared to LEP
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Z Boson-Quark Couplings

surpassed LEP precision using inclusive jets 
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Outline
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top quark
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Top Quark
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Top Quark
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Top Quark
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Top Quark

41

LHC:
top quark

factory
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Top Quark
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LHC:
top quark

factory
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The Top Quark
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Top Quark Pair Production

44

Tevatron 
(85%)

LHC
 (87%)
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Top Quark Pair Signatures
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Lepton+jets Signatures
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Lepton+Jets Topological Cross Section
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top pairW+jets
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Lepton+Jets Topological Cross Section

W+jets



- Christian Schwanenberger -SM+Higgs at Hadron Colliders HCPSS 2011, CERN

Top Pair Production Cross Section
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Top Pair Production Cross Section
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Single Top Quark Production
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Single Top Production
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Tevatron Single Top Cross Section
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5σ 
observation

5σ 
observation

use multivariate analysis techniques
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t-channel Single Top Quark Production
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Future Legacy: Top Mass
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Extraction Techniques: Templates
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Extraction Techniques: Templates
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Extraction Techniques: Templates
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JES calibration
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Result in l+jets Channel

60

matrix element 
method
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Result in l+jets Channel

61

template method

mtop = 169.3 ± 4.0 ± 4.9 GeV
±3.7%
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Top Mass Summary
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Self-consistency of the SM
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Self-consistency of the SM

SM broken

SM OK

future: 
15 MeV, 1 GeV 

improved W mass measurement is critical
64
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Outline
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Higgs 
boson
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The Higgs Boson and the SM Lagrangian

66

spontaneous
symmetry
breaking
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The Higgs Boson and the SM Lagrangian

W, Z mass term and 
coupling to Higgs

fermion mass term 
and coupling to Higgs

dynamic term and 
Higgs self-couplings
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SM Higgs Production
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SM Higgs Decays
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Low Mass Higgs Searches

70

- rare in SM, but good mass resolution
- can be enhanced in BSM models
   (e.g. fermiophobic Higgs)
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A signal emerging with time

71

• expected events:
- Nhiggs~2, Nbg=96±9.8
- S/√B=0.2

• no sensitivity to signal



- Christian Schwanenberger -SM+Higgs at Hadron Colliders HCPSS 2011, CERN

A signal emerging with time
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• expected events:
- Nhiggs~25, Nbg=960±30
- S/√B=0.8

• still no sensitivity to signal
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There it is!
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• expected events:
- Nhiggs~700, Nbg=28700±170
- S/√B=4.1

• got it!!!
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Search for H➞γγ Production, Tevatron
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mH=115 GeV, 95% CL
expected: 9.2×SM
observed: 12×SM
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Search for H➞γγ Production, LHC
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mH=115 GeV, 95% CL
expected: ~25×SM
observed: ~40×SM
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High Mass Higgs Searches
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Search for H➞WW➞ee, eμ, μμ
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eμ

ee
signal

background

background rejection
- eμ: minimal transverse mass MT(e/μ,ET)
- ee, μμ: BDT discriminant 

e+,μ+

e-,μ-

e+,μ+

e-,μ-

ν

ν
_

/
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Multivariate Analysis Techniques
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• increase sensitivity by combining many variables to 
one discriminant for each channel
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Search for H➞WW➞ee, eμ, μμ

79

eμ

- analyse 0, 1, and ≥ 2 jets
- final BDT discriminant
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Search for H➞WW➞ee, eμ, μμ
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ee+eμ+μμ

exclusion at 95% CL for MH=165 GeV
exclusion in one channel for the first time!

mH=165 GeV, 95% CL
expected: 0.97×SM
observed: 0.91×SM
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SM Higgs Combination
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exclusion at 95% CL for 163 < MH < 168 GeV
exclusion by a single experiment for the first time!

mH=165 GeV, 95% CL
expected: 0.91×SM
observed: 0.75×SM
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SM Higgs Combination
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exclusion at 95% CL for 158 < MH < 168 GeV
exclusion by a single experiment for the first time!

mH=165 GeV, 95% CL
expected: 0.93×SM
observed: 0.92×SM
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Tevatron Combination
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exclusion at 95% CL for 158 < MH < 173 GeV

mH=165 GeV, 95% CL
expected: 0.64×SM
observed: 0.52×SM

5.3-8.2 fb-1
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Search for H➞WW➞ee, eμ, μμ
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includes all dibosons and γγ
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Global SM Electroweak Fit
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Fit: LEP + Tevatron + LHC (H➞WW)

mH = 120.2+12.3 GeV+12.3
-4.7 ≤ 10% if SM is correct
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Conclusions

86

- we live in a golden era of particle physics
   two running colliders: Tevatron & LHC

- high precision measurements in QCD, Electroweak 
   and top quark physics
➞ much more to come!

- We know quite a lot already about the Higgs, e.g. 
   the SM Higgs mass is very constrained
➞ we still have to find it...

- the next step is to find out if SM is right or wrong
➞ many more exciting results are ahead of us!
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Backup
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Boosted Decision Trees
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Z Boson-Quark Couplings
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Z Boson-Quark Couplings

gdA

gdV

guV

guA
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Extraction Techniques: Matrix Element
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Future Higgs Projections
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Forward Backward Asymmetry 

101

new DØ measurement is on its way!
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Single Top Quark Production

102
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Multivariate Analyses
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Self-consistency of the SM

104

assume precision of top mass: 1 GeV
assume precision of W mass: 15 MeV

mH < 117 GeV at 95% CL 
at current minimum
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W Boson Properties

current Tevatron precision: 2.3%
➞ expect improvements (statistics
+systematics) with larger data sets

more W properties:
- charge asymmetry
- g2 measurement
- asymmetry in Z➞ee
- ...

- all very important measurements 
- some will help constraining the W 
mass
- some will help constraining the 
PDFs and therefore improving the 
theory error of the W mass
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Multivariate Analyses
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Single Top t-channel

107

- 2, 3, 4 jets with 1, 2 b tags 
- train multivariate analysis for t-channel
- double data set

σ(t-channel)=2.90±0.59 pb 

5.4 fb-1

preliminary

preliminary
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Single Top s- vs. t-channel
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good agreement with Standard Model

5.4 fb-1

SM

preliminary
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Future Legacy: W mass

calibration

signal

~18k events in 1 fb-1

~485k events in 1 fb-1

109
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Future Legacy: W mass

calibration

signal

current Tevatron precision: 0.04%
➞ expect improvements (statistics
+systematics) with larger data sets

~18k events in 1 fb-1

~485k events in 1 fb-1

more W properties:
- W width
- charge asymmetry
- g2 measurement
- asymmetry in Z➞ee
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b-tagging
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Lepton+Jets Cross Section with b-tagging
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What Mass Do We Measure?
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Different Top Mass Definitions
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Calibration of the Method
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Which Top Mass Does a LO MC Contain?
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Which Top Mass Does a LO MC Contain?
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Which Top Mass Does a LO MC Contain?
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Which Top Mass Does a LO MC Contain?
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Which Top Mass Does a LO MC Contain?
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Which Top Mass Does a LO MC Contain?
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Important to Know...
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Important to Know...
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world average 
interpreted as
MS mass

pole mass

_

together with understanding of systematics one of 
the most challenging questions in the future!
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Top Cross Section and Mass

124

MS mass:

 mtpole = 167.5        GeV+5.4
-4.9  mtMS = 159.9        GeV+5.1

-4.4

___
±3.1% ±3.0%

___
NEW5.3 fb-1


