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Projects on ATLAS
    Basic Tracking / Commissioning with Cosmic-Rays 
    TRT Performance
    Inner Detector Alignment (TRT)
    Electron Identification 
          Designing HLT Trigger / Offline Electron Definitions 
    Electron Efficiency
    Multivariate Electron Identification

Physics on ATLAS
    W/Z Cross section (300/nb, 35/pb)  
    WW Cross section (35/pb,  1/fb) 
    Search for H→WW 
        W+jet Background
        Observation of Higgs.
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The Higgs: Introduction/Motivation 

Why H→WW. 

H→WW→ lνlν (WW→lνlν) 

Results in broader context

Outline



Standard Model and the Higgs
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 - Simple/Accurate description elementary particles and their interactions

SU(3)× SU(2)× U(1)- Quantum Field Theory. Gauge Invariance 



Standard Model and the Higgs

5

W Z γg

e µ τ
ν ν νe µ τ( ) ( ) ( ) u c t

d s b( ) ( ) ( )
Matter Particles

Gauge Bosons

 - Simple/Accurate description elementary particles and their interactions

 - Consistent theory strong, weak, and electromagnetic forces.
-  Gauge Invariance implies massless Matter Particles and Gauge Bosons  

SU(3)× SU(2)× U(1)- Quantum Field Theory. Gauge Invariance 



“Spontaneously Symmetry Breaking”
Allows for Massive fermions, Massive Weak bosons and Gauge Invariance
Additional particle predicted by the theory.

Standard Model and the Higgs
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W Z γg
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ν ν νe µ τ( ) ( ) ( ) u c t

d s b( ) ( ) ( )
Matter Particles

Gauge Bosons

Higgs boson:

 - Simple/Accurate description elementary particles and their interactions

 - Consistent theory strong, weak, and electromagnetic forces.
-  Gauge Invariance implies massless Matter Particles and Gauge Bosons  

SU(3)× SU(2)× U(1)- Quantum Field Theory. Gauge Invariance 



“Spontaneously Symmetry Breaking”
Allows for Massive fermions, Massive Weak bosons and Gauge Invariance
Additional particle required to preserve the gauge theory.

Standard Model and the Higgs
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W Z γg

e µ τ
ν ν νe µ τ( ) ( ) ( ) u c t

d s b( ) ( ) ( )
Matter Particles

Gauge Bosons

Prior to LHC, only element of theory not directly 
                                          confirmed by experiment.

 - Simple/Accurate description elementary particles and their interactions

Higgs boson:

 - Consistent theory strong, weak, and electromagnetic forces.
-  Gauge Invariance implies massless Matter Particles and Gauge Bosons  

SU(3)× SU(2)× U(1)- Quantum Field Theory. Gauge Invariance 
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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Predicting the Mass of the Top Quark
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A   Toroidal LHC ApparatuS 
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3. The ATLAS Experiment 17

Figure 3.1: Cut-away view of the ATLAS detector.

signed to measure the energy of electrons, photons, and hadrons. They are sensitive to both charged

and neutral particles.

The Muon Spectrometer (MS) surrounds the calorimeters. All particles except muons and neu-

trinos are stopped by the calorimeter system. The MS is designed to measure the trajectories of

muons leaving the calorimeter. The MS is composed of muon chambers operating in a magnetic field,

provided by the toroid magnetics.

A common coordinate system is used throughout ATLAS. The interaction point is defined as the

origin of the coordinate system. The z-axis runs along the beam line. The x-y plane is perpendicular

to the beam line, and is referred to as the transverse plane. The positive x-axis points from the

interaction point to the center of the LHC ring; the positive y-axis points upward to the surface of

the earth. The detector half at positive z-values is referred to as the “A-side”, the other half the

“C-side”. The transverse plane is often described in terms of r-φ coordinates. The azimuthal angle φ

is measured from the x-axis, around the beam. The radial dimension, r, measures the distance from

the beam line. The polar angle θ is defined as the angle from the positive z-axis. The polar angle is

often reported in terms of pseudorapidity, defined as η = − ln tan(θ/2). The distance ∆R is defined



Inner Detector
Tracks

Electro-Magnetic
Clusters

Hadronic
Clusters

Muon
Tracks

A lot of work goes into making/understanding these basic outputs. Chapter 4-7

The Basic Outputs: 
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3. Reconstruction and Commissioning 20

Figure 3.2: Event display of a tt̄ di-lepton candidate in the eµ-channel with two b-tagged jets. The
electron is shown by the green track pointing to a calorimeter cluster, the muon by the long red track
intersecting the muon chambers, and the Emiss

T direction is indicated by the blue dotted line in the
x-y view. The secondary vertecies of the two b-tagged jets are indicated by the orange ellipses in the
upper right.

Jet (b-tag)

Electron
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Higgs at the LHC
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1. Introduction and Theoretical Background 10
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Figure 1.6: Leading order Feynman diagrams for Higgs production at the LHC. (a) The gluon fusion

diagram proceeds via top-quark loop. (b) The vector-boson fusion diagram results in a final state

with the Higgs and two jets. (c) The associated production diagram results in a final state with the

Higgs and a W or Z boson. The relative size of the cross-sections of the different processes is shown
in Figure 1.7.
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Figure 1.7: Standard Model Higgs boson cross sections for the various production mechanisms shown

in Figure 1.6. The process in Figure 1.6a is shown in blue, Figure 1.6b in red, and the processes

corresponding to Figure 1.6c are shown in green and black.
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in Figure 1.6. The process in Figure 1.6a is shown in blue, Figure 1.6b in red, and the processes

corresponding to Figure 1.6c are shown in green and black.

1. Introduction and Theoretical Background 10

g

g

H

(a)

q

q

q

q

H

(b)

q

q̄

V

H

V (= W,Z)

(c)

Figure 1.6: Leading order Feynman diagrams for Higgs production at the LHC. (a) The gluon fusion

diagram proceeds via top-quark loop. (b) The vector-boson fusion diagram results in a final state

with the Higgs and two jets. (c) The associated production diagram results in a final state with the

Higgs and a W or Z boson. The relative size of the cross-sections of the different processes is shown
in Figure 1.7.

�������

��� ��� ��� ��� ���

�
�
�
��
��
�
�

�
��
�

�

����

����

�

��
��� ����

�
�
�
�
��
�
�
��
�
��
�
�
�
�
�

� ���������� ��� � ��� ���

���

��� ����� ��� � ��� ���

���

�� ����� ��� ����� ���

�
��

�� ����� ��� ���� ���

�
��

��� ���� ����

�
��

Figure 1.7: Standard Model Higgs boson cross sections for the various production mechanisms shown

in Figure 1.6. The process in Figure 1.6a is shown in blue, Figure 1.6b in red, and the processes

corresponding to Figure 1.6c are shown in green and black.

7. WW Physics 130

g

g

H

W

W

(a)

q

q

q

q

H

W

W

(b)

Figure 7.1: Leading order Feynman diagrams for H → WW production. (a) The gluon fusion

diagram proceeds via top-quark loop. (b) The vector-boson fusion diagram results in a final state

with WW+2 jets.
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Figure 7.2: Higgs branching ratios as a function of Higgs mh.

The overall rate of H → WW production is dictated by the Higgs branching ratio to WW . The

WW decay channel has the largest branching ratio (BR) over a wide range of Higgs mass. Figure 7.2

shows the Higgs BRs as a function of the Higgs mass (mh). For mh above ∼ 130 GeV, the BR to

WW dominates. When the Higgs mass is below 2 ×mW , there is still a significant BR to WW. In

this case, one of the W s is produced off mass-shell, indicated in the following by W
∗
.

More important than BR, is the number of Higgs decays that can be triggered-on and reconstructed

with high signal-to-background. The H → WW
(∗) → lνlν decay chain provides a signature with a

large cross section that is trigger-able and has a relatively low level of background. H → WW
(∗) →

lνlν events contain two isolated, high pT leptons in the final state. As discussed in Chapters 3 and 6,

charged leptons can be efficiently identified, have low levels of background, and provide an effective

t W/Z
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How to look for the Higgs.

29

WW→lνlν has Strongest sensitivity over broad range of m(H)
Critical in the region between LEP and SM prediction
Mediator of EWK symmetry breaking must couple to the W and Z
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Tools needed for lνlν final state have wide applicability.
    - Lepton ID
                                                           ...Tracking/ Electron ID / Trigger
   - W+jets background (ubiquitous)
                                                           ...Data Driven W+jet modeling
   - MeT modeling.

lνlν Final State

Broad range of physics lνlν final state has wide applicability.
     - Higgs Physics.
     - SM measurements.
                                                             ...SM WW cross section, 35/pb, 1/fb 
     - SUSY / Exotic extensions to the SM. 
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Figure 7.6: mll distributions for same-flavor and opposite-flavor di-leptons before a missing energy
requirement. Figure (a) shows the ee-channel, Figure (b) shows the eµ-channel. The events are
required to have one lepton with pT above 25 GeV and one lepton with a pT above 20 GeV.

ground. As discussed above, the Z/γ∗ background is much larger in the same-flavor channels. In

the same-flavor channel, the contribution from resonant Z decays peaks sharply at the Z mass. The

next largest background is top. In the same-flavor channels, top is completely buried under the Z/γ∗.

In the opposite-flavor channel, top is a significant fraction of the total background. At this point in

the event selection, the contribution from the other sources of background, as well as from the WW

signal, are a negligible fraction of the total events.

The first set of cuts in the WW event selection are designed to suppress the Z/γ∗ background.

Resonant Z production is removed in the same-flavor channels by rejecting events with mll consistent

with the Z mass. In the eµ-channel the Z peak is broadened by the neutrinos in the τ decays,

so no such requirement is made. After the Z veto the selected events are still dominated by Z/γ∗

background.

The Z/γ∗ background is further suppressed by requiring large missing energy, consistent with the

presence of a neutrino in the final state. The quantity used to impose the missing energy requirement

is referred to as the “relative” missing energy, or Emiss,Rel
T . Emiss,Rel

T is defined as:

Emiss,Rel
T =






Emiss
T × sin(∆φl,j) if ∆φl,j < π/2

Emiss
T otherwise,

(7.1)

where, ∆φl,j is the difference in φ between the Emiss
T and the nearest lepton or jet. A schematic of

the Emiss,Rel
T calculation is shown in Figure 7.7. Emiss,Rel

T de-weights missing energy that is in the

Finding the Haystack

31
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Figure 7.8: Emiss,Rel
T distributions for same-flavor and opposite-flavor di-leptons after the a the Z-

mass veto. Figure (a) shows the same-flavor µµ channel. Figure (b) shows the eµ-channel. Typical
Emiss,Rel

T requirements in the WW event selection are indicated in the figure.
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events in the first bin, indicated by the arrow.
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Other Diboson: (WZ, ZZ, Wγ)
  - remove events w/ > 2 leptons.

Top:  (WW produced w/2 b-jets)
 - Jet Veto

Drell-Yan: (lepton pair + ‘fake’ MeT)
  - Require Large Missing Energy
  - Reject events consistent w/Z mass 

W+Jets: (lepton w/MeT + ‘fake’ lepton)
  - Isolation / lepton Identification

Backgrounds:

Finding WW→lνlν
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Figure 7.8: Emiss,Rel
T distributions for same-flavor and opposite-flavor di-leptons after the a the Z-

mass veto. Figure (a) shows the same-flavor µµ channel. Figure (b) shows the eµ-channel. Typical
Emiss,Rel

T requirements in the WW event selection are indicated in the figure.

!"#$%&'#()'(*(#+

, - . / 0 1 2 3 4 5

6
7"
8#
9

,

-,,

.,,

/,,

0,,

1,,

2,,

3,,

4,,

5,, !"#!$
:-;<#$=$->,.$?@∫

$=$3$A"B9

CD#D
ν'ν'→EE

CF"'':GD8
AH)
EIJ"#9KC(J"#
C(@H9H8
9#D#I9+9#σ

Figure 7.9: Distribution of the number of reconstructed jets after the Emiss,Rel
T requirement. The

plot combines the same-flavor and opposite-flavor channels. The jet veto of the WW signal selects
events in the first bin, indicated by the arrow.
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Other Diboson: (WZ, ZZ, Wγ)
  - remove events w/ > 2 leptons.

Top:  (WW produced w/2 b-jets)
 - Jet Veto

W+Jets: (lepton w/MeT + ‘fake’ lepton)
  - Isolation / lepton Identification

Backgrounds:

DY /Top Background
 - Large, but reduced
        w/ Event Selection
 - Well modeled by MC 
 - Can be corrected to Data.

Drell-Yan: (lepton pair + ‘fake’ MeT)
  - Require Large Missing Energy
  - Reject events consistent w/Z mass 

Finding WW→lνlν
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mass veto. Figure (a) shows the same-flavor µµ channel. Figure (b) shows the eµ-channel. Typical
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T requirements in the WW event selection are indicated in the figure.
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Figure 7.9: Distribution of the number of reconstructed jets after the Emiss,Rel
T requirement. The

plot combines the same-flavor and opposite-flavor channels. The jet veto of the WW signal selects
events in the first bin, indicated by the arrow.
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mass veto. Figure (a) shows the same-flavor µµ channel. Figure (b) shows the eµ-channel. Typical
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T requirements in the WW event selection are indicated in the figure.
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Figure 7.9: Distribution of the number of reconstructed jets after the Emiss,Rel
T requirement. The

plot combines the same-flavor and opposite-flavor channels. The jet veto of the WW signal selects
events in the first bin, indicated by the arrow.
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Other Diboson: (WZ, ZZ, Wγ)
  - remove events w/ > 2 leptons.

Top:  (WW produced w/2 b-jets)
 - Jet Veto

W+Jets: (lepton w/MeT + ‘fake’ lepton)
  - Isolation / lepton Identification

Backgrounds:

W+Jet Background
 - Small, but not suppressed 
        w/ Event Selection
 - Difficult to model in MC 
 - Important at Low Pt.

Drell-Yan: (lepton pair + ‘fake’ MeT)
  - Require Large Missing Energy
  - Reject events consistent w/Z mass 

Finding WW→lνlν
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T distributions for same-flavor and opposite-flavor di-leptons after the a the Z-

mass veto. Figure (a) shows the same-flavor µµ channel. Figure (b) shows the eµ-channel. Typical
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T requirements in the WW event selection are indicated in the figure.
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Figure 7.9: Distribution of the number of reconstructed jets after the Emiss,Rel
T requirement. The

plot combines the same-flavor and opposite-flavor channels. The jet veto of the WW signal selects
events in the first bin, indicated by the arrow.
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mass veto. Figure (a) shows the same-flavor µµ channel. Figure (b) shows the eµ-channel. Typical
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T requirements in the WW event selection are indicated in the figure.
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Figure 7.9: Distribution of the number of reconstructed jets after the Emiss,Rel
T requirement. The

plot combines the same-flavor and opposite-flavor channels. The jet veto of the WW signal selects
events in the first bin, indicated by the arrow.
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Other Diboson: (WZ, ZZ, Wγ)
  - remove events w/ > 2 leptons.

Top:  (WW produced w/2 b-jets)
 - Jet Veto

W+Jets: (lepton w/MeT + ‘fake’ lepton)
  - Isolation / lepton Identification

Backgrounds:

Diboson Background
 - Small, and suppressed 
         w/ Event Selection
 - Well modeled by MC.

Drell-Yan: (lepton pair + ‘fake’ MeT)
  - Require Large Missing Energy
  - Reject events consistent w/Z mass 

Finding WW→lνlν
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Figure 7.6: mll distributions for same-flavor and opposite-flavor di-leptons before a missing energy
requirement. Figure (a) shows the ee-channel, Figure (b) shows the eµ-channel. The events are
required to have one lepton with pT above 25 GeV and one lepton with a pT above 20 GeV.

ground. As discussed above, the Z/γ∗ background is much larger in the same-flavor channels. In

the same-flavor channel, the contribution from resonant Z decays peaks sharply at the Z mass. The

next largest background is top. In the same-flavor channels, top is completely buried under the Z/γ∗.

In the opposite-flavor channel, top is a significant fraction of the total background. At this point in

the event selection, the contribution from the other sources of background, as well as from the WW

signal, are a negligible fraction of the total events.

The first set of cuts in the WW event selection are designed to suppress the Z/γ∗ background.

Resonant Z production is removed in the same-flavor channels by rejecting events with mll consistent

with the Z mass. In the eµ-channel the Z peak is broadened by the neutrinos in the τ decays,

so no such requirement is made. After the Z veto the selected events are still dominated by Z/γ∗

background.

The Z/γ∗ background is further suppressed by requiring large missing energy, consistent with the

presence of a neutrino in the final state. The quantity used to impose the missing energy requirement

is referred to as the “relative” missing energy, or Emiss,Rel
T . Emiss,Rel

T is defined as:

Emiss,Rel
T =






Emiss
T × sin(∆φl,j) if ∆φl,j < π/2

Emiss
T otherwise,

(7.1)

where, ∆φl,j is the difference in φ between the Emiss
T and the nearest lepton or jet. A schematic of

the Emiss,Rel
T calculation is shown in Figure 7.7. Emiss,Rel

T de-weights missing energy that is in the
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Background Estimation

NW+Jet
Bkg = f ×N(Lepton+Denm)

Measured in a di-jet sample

Observed Lepton-Denm.
pairs passing event selection.

W+jet 

DYTop

A lot of work goes into making/understanding bkg. prediction. Chapter 9-11
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H→WW analysis
- Basic WW Selection.
     (Dominated by SM WW)
- Small opening angle.
- Fit mT

7. WW Physics 148
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Figure 7.13: Schematic diagram illustrating the correlation in lepton direction resulting from the

spin-zero nature of the Higgs and the parity violating weak decays of the W s. Two Higgs decays,

with different spin orientations of the W s, are shown. The solid red arrows indicate the direction of

the decay products in the rest frame of the Higgs. The dashed black arrows indicate the direction of

the spin component along the direction of the Higgs decay products.
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Figure 7.14: Kinematic variables used to separate SMWW production fromH → WW
(∗)

production.

(a) mll distribution after the WW selection. The cut value used in the low mass Higgs search is

indicated in the figure. (b) ∆φll distribution after the low mll requirement. The cut value used in

the low mass Higgs search is indicated in the figure.
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Figure 7.15: Transverse mass distribution after H → WW
(∗)

signal selection, for various values of

Higgs mass. The result for a Higgs mass of 170 GeV is shown in the top left, 150 GeV in the top

right, 135 GeV in the bottom left, and 125 GeV in the bottom right.

where: E
ll

T =

�
|pll

T|2 +m
2
ll
, |pmiss

T | = E
miss
T , and |pll

T| = pTll , is a quantity that is sensitive to the

mass of the WW system. Figure 7.15 shows the mT distribution for the H → WW
(∗)

signal, and the

SM background, after the mll and ∆φll requirements. The distribution is shown for Higgs masses of:

170 GeV (top left), 150 GeV (top right), 135 GeV (bottom left), and 125 GeV (bottom right). As the

Higgs mass changes, the mT distribution shifts, with a peak slightly below the corresponding value

of mH . The increase in signal to background with mH is a result of the increase of the H → WW
(∗)

branching ratio with mH .

The final step in the H → WW
(∗) → lνlν analysis is a fit to the mT distribution. For mH above

around 135 GeV, there is considerable separation in the mT shape of the H → WW
(∗)

signal, and

the various backgrounds. However, below mH= 135 GeV, the signal distribution tends to peak in

the same place as the background. In particular, a Higgs with a mass of around of 125 GeV has an

Mll Δϕll mT

Finding the Needle
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Figure 10.6: mT distribution after the full 0-jet selection for the 2011 analysis (left-hand side) and

the 2012 analysis (right-hand side). The points show the observed data and the stacked histograms

represent the signal and background expectation. The signal distribution in the left-hand plot has

not been scale up.

2011 Analysis 2011 Analysis 2011 Analysis 2012 Analysis

Low mh Intermediate mh High mh

b-jet veto b-jet veto b-jet veto b-jet veto

|ptot
T | < 30 GeV |ptot

T | < 30 GeV |ptot
T | < 30 GeV |ptot

T | < 30 GeV

Z → ττ veto Z → ττ veto Z → ττ veto Z → ττ veto

mll < 50 GeV mll < 150 GeV - mll < 50 GeV

∆φll < 1.8 - - ∆φll < 1.8

Table 10.10: Summary of the event selection in the 1-jet analysis after the requiring one reconstructed

jet.

butions of the various backgrounds after the 1-jet requirement can be seen in Figure 10.3. Additional

event selection is applied in the 1-jet analysis to remove these backgrounds. A summary of the 1-jet

selection is given in Table 10.10

Top background has jets from b-quarks in the final state. A significant fraction of the top back-

ground can be removed by vetoing events in which the selected jet is identified as a b-jet. This b-jet

veto removes over half of the top background with little loss in signal efficiency.

After the b-jet veto, a requirement is made on the magnitude of the “total” pT in the event. The

total pT, referred to as ptot
T , is defined as the vector sum of the pT of the lepton system, the pT of the

jet, and the pT assigned to the neutrino(s), i.e. E
miss
T :

ptot
T = pTll + pT (jet) +Emiss

T . (10.3)

Events with fake E
miss
T not associated to the leptons or jet have large values of |ptot

T |. |ptot
T | is also

2012 Results    (5.8/fb 8 TeV)10. Search for H → WW
(∗)
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Figure 10.19: Probabilities for background-only hypothesis, p0, as a function of mh, for the 2012

analysis. The solid line shows the observed probability. The dashed line shows the corresponding

expectation for the signal+background hypothesis at the given value of mh. The red, horizontal

dashed lines indicate the corresponding significance.

been performed. Figure 10.19 shows the p0 as a function of mh, for the combined 0-jet, 1-jet and 2-jet

analyses. An excess of events is observed over the expected background, reflected by a low observed

p0. Due to the limited mass resolution, the p0 distribution is fairly flat with a broad minimum around

mh = 125 GeV. The value of p0 at mh = 125 GeV is 8 × 10
−4

, corresponding to a significance of

3.1 standard deviations. The expected p0 for a Higgs with mh = 125 GeV is 0.05, or 1.6 standard

deviations.

Figure 10.20 shows the distribution of the transverse mass of the selected events in the 2011 0-jet

and 1-jet analyses, after subtracting the total estimated background. The predicted mh = 125 GeV

signal is superimposed. No systematic uncertainties are included. The observed excess of events is

consistent with a SM Higg boson of mh = 125 GeV.

As a result of the observed excess of events over the expected background, the observed data is

used to make a measurement of the signal strength parameter. The fitted signal strength is shown

in Figure 10.21 as a function of mh. At 126 GeV, the measured value of µ is 1.9 ± 0.7, consistent

with the SM expectation of 1. The increase of the fitted signal strength at lower mh is due to the

decreasing expected σ· Br for the signal.
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Figure 10.22: Probabilities for background-only hypothesis, p0, as a function of mh, for the combined

2011 and 2012 analysis. The solid lines show the observed probability. The dashed line in the left-

hand plot shows the corresponding expectation for the signal+background hypothesis at the given

value of mh. In the right-hand plot, the dashed line shows the corresponding expectation for the mh

= 126 GeV hypothesis. The green and yellow regions indicate the 1σ and 2σ uncertainty bands on

the expected p0. The red, horizontal dashed lines indicate the corresponding significance.

10.7.3 Combined Results

The results obtained with the 5.8 fb
−1

8 TeV dataset are combined with the results of the 4.7 fb
−1

7 TeV analysis. The 7 TeV analysis resulted in a signal strength of µ = 0.5± 0.6 at mh = 126 GeV.

The signal strengths measured with the 7 TeV and 8 TeV analyses separately are compatible within

1.5 standard deviations.

Figure 10.22a shows the p0 value as a function of mh for the combined 2011 and 2012 analyses.

An excess of events is observed over the expected background, reflected by a low observed p0. Due to

the limited mass resolution, the p0 distribution is fairly flat with a broad minimum around mh = 125

GeV. The minimum value of p0, found at mh = 125 GeV, is 3× 10
−3

, corresponding to a significance

of 2.8 standard deviations. The expected p0 for a Higgs with mh = 125 GeV is 0.01, or 2.3 standard

deviations. Figure 10.22b shows the observed p0 compared to the expectation in the presence of a

signal at mh = 126 GeV. The shape and normalisation of the p0 curves as a function of mh are in

agreement.

Figure 10.23 shows the distribution of the transverse mass of the selected events in the 2011

and 2012 0-jet and 1-jet analysies, after subtracting the total estimated background. The predicted

mh = 125 GeV signal is superimposed. No systematic uncertainties are included. The observed excess

of events is consistent with a SM Higg boson of mh = 125 GeV.
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2011 and 2012 analysis. The solid lines show the observed probability. The dashed line in the left-

hand plot shows the corresponding expectation for the signal+background hypothesis at the given

value of mh. In the right-hand plot, the dashed line shows the corresponding expectation for the mh

= 126 GeV hypothesis. The green and yellow regions indicate the 1σ and 2σ uncertainty bands on

the expected p0. The red, horizontal dashed lines indicate the corresponding significance.

10.7.3 Combined Results

The results obtained with the 5.8 fb
−1

8 TeV dataset are combined with the results of the 4.7 fb
−1

7 TeV analysis. The 7 TeV analysis resulted in a signal strength of µ = 0.5± 0.6 at mh = 126 GeV.

The signal strengths measured with the 7 TeV and 8 TeV analyses separately are compatible within

1.5 standard deviations.

Figure 10.22a shows the p0 value as a function of mh for the combined 2011 and 2012 analyses.

An excess of events is observed over the expected background, reflected by a low observed p0. Due to

the limited mass resolution, the p0 distribution is fairly flat with a broad minimum around mh = 125

GeV. The minimum value of p0, found at mh = 125 GeV, is 3× 10
−3

, corresponding to a significance

of 2.8 standard deviations. The expected p0 for a Higgs with mh = 125 GeV is 0.01, or 2.3 standard

deviations. Figure 10.22b shows the observed p0 compared to the expectation in the presence of a

signal at mh = 126 GeV. The shape and normalisation of the p0 curves as a function of mh are in

agreement.

Figure 10.23 shows the distribution of the transverse mass of the selected events in the 2011

and 2012 0-jet and 1-jet analysies, after subtracting the total estimated background. The predicted

mh = 125 GeV signal is superimposed. No systematic uncertainties are included. The observed excess

of events is consistent with a SM Higg boson of mh = 125 GeV.

Results H→WW

41

10. Search for H → WW
(∗)

245

 [GeV]Tm

60 80 100 120 140 160 180 200 220 240

E
ve

n
ts

 /
 1

0
 G

e
V

20

40

60

80

100

120  Data  stat)⊕ SM (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

 H [125 GeV] 

ATLAS

-1 L dt = 4.7 fb∫ = 7 TeV, s

 + 0 jetsνlνl→
(*)

WW→H

 [GeV]Tm

50 100 150 200 250 300

E
ve

n
ts

 /
 1

0
 G

e
V

0

20

40

60

80

100

120
 Data  stat)⊕ BG (sys 

 WW γ WZ/ZZ/W

t t  Single Top

 Z+jets  W+jets

  H [125 GeV]

ATLAS  
-1 Ldt = 5.8 fb∫ = 8 TeV, s

 + 0 jetsνeνµ/νµνe→
(*)

WW→H

Figure 10.6: mT distribution after the full 0-jet selection for the 2011 analysis (left-hand side) and

the 2012 analysis (right-hand side). The points show the observed data and the stacked histograms

represent the signal and background expectation. The signal distribution in the left-hand plot has

not been scale up.

2011 Analysis 2011 Analysis 2011 Analysis 2012 Analysis

Low mh Intermediate mh High mh

b-jet veto b-jet veto b-jet veto b-jet veto

|ptot
T | < 30 GeV |ptot

T | < 30 GeV |ptot
T | < 30 GeV |ptot

T | < 30 GeV

Z → ττ veto Z → ττ veto Z → ττ veto Z → ττ veto

mll < 50 GeV mll < 150 GeV - mll < 50 GeV

∆φll < 1.8 - - ∆φll < 1.8

Table 10.10: Summary of the event selection in the 1-jet analysis after the requiring one reconstructed

jet.

butions of the various backgrounds after the 1-jet requirement can be seen in Figure 10.3. Additional

event selection is applied in the 1-jet analysis to remove these backgrounds. A summary of the 1-jet

selection is given in Table 10.10

Top background has jets from b-quarks in the final state. A significant fraction of the top back-

ground can be removed by vetoing events in which the selected jet is identified as a b-jet. This b-jet

veto removes over half of the top background with little loss in signal efficiency.

After the b-jet veto, a requirement is made on the magnitude of the “total” pT in the event. The

total pT, referred to as ptot
T , is defined as the vector sum of the pT of the lepton system, the pT of the

jet, and the pT assigned to the neutrino(s), i.e. E
miss
T :

ptot
T = pTll + pT (jet) +Emiss

T . (10.3)

Events with fake E
miss
T not associated to the leptons or jet have large values of |ptot

T |. |ptot
T | is also
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Figure 10.23: The mT distribution in data with the estimated background subtracted, overlaid with

the predicted signal for mh = 125 GeV. The distributions are summed for the 0-jet and 1-jet analyses

and for the 2011 and 2012 analyses. The statistical errors of both the data and the subtracted

background are reflected in the data points. The systematic uncertainty on the background estimate

is not included.

As a result of the observed excess of events over the expected background, the observed data is

used to make a measurement of the signal strength parameter. The fitted signal strength is shown

in Figure 10.24 as a function of mh. At 126 GeV, the measured value of µ is 1.3 ± 0.5, consistent

with the SM expectation of 1. The increase of the fitted signal strength at lower mh is due to the

decreasing expected σ· Br for the signal. The expectation of the measured µ in the presence of a

signal at mh = 126 GeV is shown for comparison. The shape and normalisation of the curves as a

function of mh are in agreement.

10.8 Conclusion

A search for the SM Higgs boson has been performed in the H → WW
(∗) → lνlν channel using 4.7

fb
−1

of 7 TeV data collected in 2011, and 5.8 fb
−1

of 8 TeV data collected in 2012. A combined

analysis of the two datasets results in an observed excess of events consistent with mh = 125 GeV.

The probability for a background fluctuation to produce an excess as large as the one observed is

3 × 10
−3

, corresponding to a significance of 2.8 standard deviations. The best fit signal strength at

mh = 126 GeV is µ = 1.3± 0.5, consistent with the SM prediction.

The H → WW
(∗) → lνlν analysis presented here has been combined with several other Higgs

Combined Results    (5.8/fb 8 TeV + 4.7/fb 7 TeV)

Background Subtracted
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Figure 11.5: Event display of a selected H → γγ event. The photons are shown in yellow, and
correspond to localized high energy deposits in the calorimeter not matched to tracks in the inner
detector. The photons have a combined invariant mass of 126.9 GeV. The upper-left panel shows the
projection of the detector in the plane perpendicular to the beam line. The lower-left panel shows the
projection of the detector along the beam line, running left to right in the panel. The lower-middle
and lower-right panels are zoom-ins of interesting regions. The middle-right panel depicts the energy
deposited in the calorimeters as a function of φ and η.
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Figure 11.6: The distributions of the invariant mass of di-photon candidates after all selections for
the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown in upper figure, marked
a). The distribution weighted according to the event categories is shown in the lower figure marked
c). The result of a fit using a mh= 126.5 GeVsignal component and the background component is
superimposed. The excess of data with respect to the background fit are displayed in panels marked
b) and d).
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Figure 11.6: The distributions of the invariant mass of di-photon candidates after all selections for
the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown in upper figure, marked
a). The distribution weighted according to the event categories is shown in the lower figure marked
c). The result of a fit using a mh= 126.5 GeVsignal component and the background component is
superimposed. The excess of data with respect to the background fit are displayed in panels marked
b) and d).
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Figure 11.6: The distributions of the invariant mass of di-photon candidates after all selections for
the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown in upper figure, marked
a). The distribution weighted according to the event categories is shown in the lower figure marked
c). The result of a fit using a mh= 126.5 GeVsignal component and the background component is
superimposed. The excess of data with respect to the background fit are displayed in panels marked
b) and d).
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Figure 11.1: Event display of a selected H → ZZ
(∗) → llll event with four identified electrons.

The electrons are shown in red, and correspond to localized high energy deposits in the calorimeter
matched to tracks in the inner detector, indicated by the red lines. The electrons have a combined
invariant mass of 124.6 GeV. The upper-left panel shows the projection of the detector in the plane
perpendicular to the beam line. The lower-left panel shows the projection of the detector along the
beam line, running left to right in the panel. The upper-right and lower-right panels are zoom-ins
of interesting regions. The middle-right panel depicts the energy deposited in the calorimeters as a
function of φ and η.
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(∗) →

llll analysis using the combined 7 TeV and 8 TeV data sets. The observed data is compared to the

background expectation. The signal expectation for a SM Higgs with mH= 125 GeV is shown.

continuum Z(γ∗
)Z(γ∗

) production, referred to as SM ZZ. For low masses, there are also important

background contributions from Z/γ∗
+ jets and tt̄ production, where two of the leptons arise from

misidentification.

Figure 11.2 shows the four-lepton invariant mass for selected events. The expected background and

observed data are shown along with the expected signal for mh= 125 GeV. The SM ZZ background is

predicted from MC simulation normalized to the theoretical cross section. The reducible Z/γ∗
+jets

and tt̄ backgrounds are estimated using dedicated control regions in data. An observed excess of

events over the predicted background is seen in the m4l distribution in the region corresponding to

signal with mh = 125 GeV.

The results are interpreted statistically using a fit of signal and background models to the observed

m4l distribution. The fit accounts for the various sources of systematic uncertainty. The significance

of an excess is given by p0, the probability that the observed data is a result of a fluctuation of the

background in absence of signal. Figure 11.3 shows the observed p0, as a function of the tested Higgs

mass, using the combined 8 TeV and 7 TeV data sets. The results using the individual 7 TeV and 8

TeV data sets are also shown separately. In the combined analysis, the lowest observed p0 value is at

H→γγ

H→ZZ
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Physicists Find Elusive Particle Seen as Key to Universe
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The Standard Model is incomplete.
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m2
h = m0

h
2 − Λ2

Loop Corrections to Higgs Mass

cut-off scale

Λ2 ∼ 1036 GeV2

implausible cancelation from m0
h
2

“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in 〈H〉 =

√
−m2

H/2λ. Since we

know experimentally that 〈H〉 is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)

Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.

3

extension of the Standard Model.
The chiral and gauge supermultiplets in Tables 1.1 and 1.2 make up the particle content of the

Minimal Supersymmetric Standard Model (MSSM). The most obvious and interesting feature of this
theory is that none of the superpartners of the Standard Model particles has been discovered as of
this writing. If supersymmetry were unbroken, then there would have to be selectrons ẽL and ẽR with
masses exactly equal to me = 0.511... MeV. A similar statement applies to each of the other sleptons
and squarks, and there would also have to be a massless gluino and photino. These particles would have
been extraordinarily easy to detect long ago. Clearly, therefore, supersymmetry is a broken symmetry
in the vacuum state chosen by Nature.

An important clue as to the nature of supersymmetry breaking can be obtained by returning
to the motivation provided by the hierarchy problem. Supersymmetry forced us to introduce two
complex scalar fields for each Standard Model Dirac fermion, which is just what is needed to enable a
cancellation of the quadratically divergent (Λ2

UV) pieces of eqs. (1.2) and (1.3). This sort of cancellation
also requires that the associated dimensionless couplings should be related (for example λS = |λf |2).
The necessary relationships between couplings indeed occur in unbroken supersymmetry, as we will
see in section 3. In fact, unbroken supersymmetry guarantees that the quadratic divergences in scalar
squared masses must vanish to all orders in perturbation theory.‡ Now, if broken supersymmetry is still
to provide a solution to the hierarchy problem even in the presence of supersymmetry breaking, then
the relationships between dimensionless couplings that hold in an unbroken supersymmetric theory
must be maintained. Otherwise, there would be quadratically divergent radiative corrections to the
Higgs scalar masses of the form

∆m2
H =

1

8π2
(λS − |λf |2)Λ2

UV + . . . . (1.11)

We are therefore led to consider “soft” supersymmetry breaking. This means that the effective La-
grangian of the MSSM can be written in the form

L = LSUSY + Lsoft, (1.12)

where LSUSY contains all of the gauge and Yukawa interactions and preserves supersymmetry invari-
ance, and Lsoft violates supersymmetry but contains only mass terms and coupling parameters with
positive mass dimension. Without further justification, soft supersymmetry breaking might seem like
a rather arbitrary requirement. Fortunately, we will see in section 7 that theoretical models for super-
symmetry breaking do indeed yield effective Lagrangians with just such terms for Lsoft. If the largest
mass scale associated with the soft terms is denoted msoft, then the additional non-supersymmetric
corrections to the Higgs scalar squared mass must vanish in the msoft → 0 limit, so by dimensional
analysis they cannot be proportional to Λ2

UV. More generally, these models maintain the cancellation
of quadratically divergent terms in the radiative corrections of all scalar masses, to all orders in per-
turbation theory. The corrections also cannot go like ∆m2

H ∼ msoftΛUV, because in general the loop
momentum integrals always diverge either quadratically or logarithmically, not linearly, as ΛUV → ∞.
So they must be of the form

∆m2
H = m2

soft

[
λ

16π2
ln(ΛUV/msoft) + . . .

]
. (1.13)

Here λ is schematic for various dimensionless couplings, and the ellipses stand both for terms that
are independent of ΛUV and for higher loop corrections (which depend on ΛUV through powers of
logarithms).

‡A simple way to understand this is to recall that unbroken supersymmetry requires the degeneracy of scalar and
fermion masses. Radiative corrections to fermion masses are known to diverge at most logarithmically in any renormal-
izable field theory, so the same must be true for scalar masses in unbroken supersymmetry.
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masses exactly equal to me = 0.511... MeV. A similar statement applies to each of the other sleptons
and squarks, and there would also have to be a massless gluino and photino. These particles would have
been extraordinarily easy to detect long ago. Clearly, therefore, supersymmetry is a broken symmetry
in the vacuum state chosen by Nature.

An important clue as to the nature of supersymmetry breaking can be obtained by returning
to the motivation provided by the hierarchy problem. Supersymmetry forced us to introduce two
complex scalar fields for each Standard Model Dirac fermion, which is just what is needed to enable a
cancellation of the quadratically divergent (Λ2

UV) pieces of eqs. (1.2) and (1.3). This sort of cancellation
also requires that the associated dimensionless couplings should be related (for example λS = |λf |2).
The necessary relationships between couplings indeed occur in unbroken supersymmetry, as we will
see in section 3. In fact, unbroken supersymmetry guarantees that the quadratic divergences in scalar
squared masses must vanish to all orders in perturbation theory.‡ Now, if broken supersymmetry is still
to provide a solution to the hierarchy problem even in the presence of supersymmetry breaking, then
the relationships between dimensionless couplings that hold in an unbroken supersymmetric theory
must be maintained. Otherwise, there would be quadratically divergent radiative corrections to the
Higgs scalar masses of the form

∆m2
H =

1

8π2
(λS − |λf |2)Λ2

UV + . . . . (1.11)

We are therefore led to consider “soft” supersymmetry breaking. This means that the effective La-
grangian of the MSSM can be written in the form

L = LSUSY + Lsoft, (1.12)

where LSUSY contains all of the gauge and Yukawa interactions and preserves supersymmetry invari-
ance, and Lsoft violates supersymmetry but contains only mass terms and coupling parameters with
positive mass dimension. Without further justification, soft supersymmetry breaking might seem like
a rather arbitrary requirement. Fortunately, we will see in section 7 that theoretical models for super-
symmetry breaking do indeed yield effective Lagrangians with just such terms for Lsoft. If the largest
mass scale associated with the soft terms is denoted msoft, then the additional non-supersymmetric
corrections to the Higgs scalar squared mass must vanish in the msoft → 0 limit, so by dimensional
analysis they cannot be proportional to Λ2

UV. More generally, these models maintain the cancellation
of quadratically divergent terms in the radiative corrections of all scalar masses, to all orders in per-
turbation theory. The corrections also cannot go like ∆m2

H ∼ msoftΛUV, because in general the loop
momentum integrals always diverge either quadratically or logarithmically, not linearly, as ΛUV → ∞.
So they must be of the form

∆m2
H = m2

soft

[
λ

16π2
ln(ΛUV/msoft) + . . .

]
. (1.13)

Here λ is schematic for various dimensionless couplings, and the ellipses stand both for terms that
are independent of ΛUV and for higher loop corrections (which depend on ΛUV through powers of
logarithms).

‡A simple way to understand this is to recall that unbroken supersymmetry requires the degeneracy of scalar and
fermion masses. Radiative corrections to fermion masses are known to diverge at most logarithmically in any renormal-
izable field theory, so the same must be true for scalar masses in unbroken supersymmetry.

10

H

 ~ TeV scale msoft

The Standard Model is incomplete.
   - GUT, Gravity ... 



Conclusions

50

Its a great time to be doing particle physics  !

“We are, I think, in the right road of improvement, 
                                                    for we are making experiments.”

– Benjamin Franklin
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Z→µµ  at LEP (Opal)
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Z→µµ  at LEP (Opal)

Z→µµ  at the LHC (ATLAS)
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Figure 7.15: Transverse mass distribution after H → WW
(∗)

signal selection, for various values of

Higgs mass. The result for a Higgs mass of 170 GeV is shown in the top left, 150 GeV in the top

right, 135 GeV in the bottom left, and 125 GeV in the bottom right.

where: E
ll

T =

�
|pll

T|2 +m
2
ll
, |pmiss

T | = E
miss
T , and |pll

T| = pTll , is a quantity that is sensitive to the

mass of the WW system. Figure 7.15 shows the mT distribution for the H → WW
(∗)

signal, and the

SM background, after the mll and ∆φll requirements. The distribution is shown for Higgs masses of:

170 GeV (top left), 150 GeV (top right), 135 GeV (bottom left), and 125 GeV (bottom right). As the

Higgs mass changes, the mT distribution shifts, with a peak slightly below the corresponding value

of mH . The increase in signal to background with mH is a result of the increase of the H → WW
(∗)

branching ratio with mH .

The final step in the H → WW
(∗) → lνlν analysis is a fit to the mT distribution. For mH above

around 135 GeV, there is considerable separation in the mT shape of the H → WW
(∗)

signal, and

the various backgrounds. However, below mH= 135 GeV, the signal distribution tends to peak in

the same place as the background. In particular, a Higgs with a mass of around of 125 GeV has an
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The primary means of separating SM WW production from H → WW
(∗)

production comes from

the spin-zero nature of the Higgs boson. The Higgs boson is predicted to be a spin-zero particle. W

bosons have spin one. In the H → WW
(∗)

decay, the spins of the W s must be oppositely aligned

to conserve angular momentum. The information of the oppositely-aligned W spins is preserved in

the W decay products by the parity-violating weak interaction, which governs the W decays. This

is illustrated in Figure 7.13. The figure shows the H → WW
(∗) → lνlν decay chain for two possible

orientations of W spins. The solid red arrows indicate the direction of the decay products in the rest

frame of the Higgs. The dashed black arrows indicate the direction of the spin component along the

direction of the Higgs decay products. When the W s decay to leptons, the matter-type particles, l
−

and ν, emerge in the direction against the spin of the W , whereas the anti-matter-type particles, l
+

and ν̄, emerge in the direction along the W spin. The result is a correlation in the lepton directions.

The leptons emerge from the W decays in the same direction. This correlation produces a final state

in which the angle between the leptons is smaller than for continuum SM WW production.

For Higgs masses below 2×mW , another kinematic difference between SM WW production and

H → WW
(∗)

is the transverse momentum of the softer lepton. When the Higgs mass is below 2×mW ,

one of the W s from the Higgs decay is off-shell. The leptons from these off-shell W s tend to have

a lower transverse momentum than the leptons produced from SM WW production, for which both

leptons are on-shell. For the H → WW
(∗)

search, the lepton pT requirement is lowered to 15 GeV.

The smaller lepton opening angles and softer lepton spectra in H → WW
(∗) → lνlν production

are used to suppress the continuum background. The combination of these two effects leads to a

smaller di-lepton invariant mass in H → WW
(∗)

decays. After the basic WW selection, events in the

H → WW
(∗)

analysis are required to have a small mll. Figure 7.14a shows the low mll requirement

used in the Higgs search. A significant fraction of the WW background is removed by the cut.

Selected events are also required to have small lepton opening angles. ∆φll is highly correlated to

mll, but the additional requirement removes some additional WW background. Figure 7.14b shows

the ∆φll distribution after the low mll requirement. The selection used in the H → WW
(∗)

analysis

is indicated in the figure.

The final quantity used to distinguish SM WW and H → WW
(∗)

is an estimate of mass of the

WW system. H → WW
(∗)

production proceeds via a resonance in mWW at the value of the Higgs

mass. Most of the mass information is lost by the final state neutrinos, for which the four-vectors

cannot be reconstructed. However in the transverse plane, the combined neutrino momentum is

observable through E
miss
T . The transverse mass, defined as:

mT =

��
E

ll
T + E

miss
T

�2 −
��pll

T + pmiss
T

��2, (7.8)

mH(170) mH(150)

mH(135) mH(125)
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Figure 1.16: Comparison of direct and indirect determinations of the mass of the top quark,
mt, as a function of time. The shaded area denotes the indirect determination of mt at 68%
confidence level derived from the analysis of radiative corrections within the framework of the
SM using precision electroweak measurements. The dots with error bars at 68% confidence
level denote the direct measurements of mt performed by the Tevatron experiments CDF and
DØ. Also shown is the 95% confidence level lower limit on mt from the direct searches before
the discovery of the top quark. Predictions and measurements agree well.
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Add scalar field that couple to                              gauge fields:

1. Introduction and Theoretical Background 2

function referred to as the Lagrangian.

The SM is a particular type of quantum field theory known as a gauge theory. The Lagrangian of

the SM is invariant under continuous internal transformations of the group SU(3)×SU(2)×U(1). This

invariance is referred to as gauge invariance, and is critical for ensuring that the theory is consistent.

Additional quantum fields, corresponding to each of the internal symmetry generators, are required

to ensure gauge invariance. These fields are of integer spin and are referred to as “gauge fields”. The

excitations of the gauge fields correspond to particles referred to as “gauge bosons”. In the standard

model twelve gauge fields are included in the Lagrangian, eight for the generators of SU(3), three for

the generators of SU(2), and one for the U(1) generator.

In principle, what has been described above is enough to define a consistent theory of particles

and their interactions. In fact, the SU(3) gauge symmetry coupled to the quarks correctly describes

the strong interaction, with the eight SU(3) gauge fields associated to the different colored states of

the gluon. Gluons have been observed experimentally [?] and interact with quarks as predicted in the

SM.

A problem arises when considering the part of the SM that describes the electromagnetic and weak

interactions, governed by the SU(2)×U(1) symmetry. To preserve gauge invariance, the gauge fields

must be added without mass terms. This implies that the gauge bosons should appear as mass-less

particles, as is the case for gluons. However, to properly describe the weak force, the gauge bosons

associated to it are required to have a large mass, seemingly in contradiction with the prediction.

The masses of the quarks and leptons pose another problem. The weak interaction violates parity,

coupling differently to left and right-handed quark and lepton helicity states. To account for this in

the SM, the left and right-handed fermions are treated as different fields, with different couplings.

A fermion mass term in the Lagrangian would couple these different fields, and thus break gauge

invariance. A gauge invariant left-handed weak interaction implies that the fermion fields should

not have mass terms, and that the quarks and leptons which appear in nature should be mass-less

particles. This, again, is in direct conflict with observation.

From a theoretical point of view, both of the these problems can be overcome by what is referred

to as “spontaneous symmetry breaking”. The idea is that additional quantum fields are added to the

theory that couple to the electro-weak SU(2)×U(1) gauge fields. These fields have zero spin, and are

referred to as “scalar” fields. The scalar fields are included in a way that respects the SU(2)× U(1)

symmetry, and preserves the gauge invariance of the Lagrangian. The trick is that the scalar fields

are added with a special form of interaction such that zero values of the fields do not correspond to

the lowest energy state. While the actual interaction in the Lagrangian preserves the SU(2) × U(1)

Lagrangian preserve symmetry, but the state that describe reality does not
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Figure 19: Values of σ/σSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall σ/σSM value 0.87 ± 0.23. The symbol
σ/σSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
σ/σSM values for individual modes; they include both statistical and systematic uncertainties.
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are allowed to vary independently. Thus the expected event yields in these channels are scaled

by independent factors, while the signal is assumed to be due to a particle with a unique mass

mX. The combined best-fit mass is mX = 125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV.

7.3 Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the SM Higgs boson is provided

by examination of the best-fit value for the common signal strength σ/σSM, obtained in a com-

bination of all search channels. Figure 18 shows a scan of the overall σ/σSM obtained in the

combination of all channels versus a hypothesised Higgs boson mass mH. The band corre-

sponds to the ±1 σ uncertainty (statistical and systematic). The excesses seen in the 7 TeV and

8 TeV data, and in their combination, around 125 GeV are consistent with unity within the ±1 σ
uncertainties. The observed σ/σSM value for an excess at 125.5 GeV in a combination of all

data is 0.87 ± 0.23. The different decay channels and data sets have been examined for self-

consistency. Figure 19 shows the measured values of σ/σSM results obtained for the different

decay modes. These results are consistent, within uncertainties, with the expectations for a SM

Higgs boson.
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Figure 17: The 68% CL contours for the signal strength σ/σSM versus the boson mass mX for the

untagged γγ, γγ with VBF-like dijet, 4�, and their combination. The symbol σ/σSM denotes the

production cross section times the relevant branching fractions, relative to the SM expectation.

In this combination, the relative signal strengths for the three decay modes are constrained by

the expectations for the SM Higgs boson.

8 Conclusions

Results are presented from searches for the standard model Higgs boson in proton-proton col-

lisions at
√

s = 7 and 8 TeV in the CMS experiment at the LHC, using data samples corre-

sponding to integrated luminosities of up to 5.1 fb
−1

at 7 TeV and 5.3 fb
−1

at 8 TeV. The search

18 6 Decay modes with low mass resolution

Table 4: Observed number of events, background estimates and signal predictions for mH =
125 GeV in each category of the WW analysis of the 8 TeV data set. All the selection require-
ments have been applied. The combined experimental and theoretical, systematic and statis-
tical uncertainties are shown. The Zγ process includes the dimuon, dielectron, and ττ → ��
final states.

Category: 0-jet eµ 0-jet �� 1-jet eµ 1-jet �� 2-jet eµ 2-jet ��
WW 87.6± 9.5 60.4± 6.7 19.5± 3.7 9.7± 1.9 0.4± 0.1 0.3± 0.1
WZ + ZZ + Zγ 2.2± 0.2 37.7± 12.5 2.4± 0.3 8.7± 4.9 0.1± 0.0 3.1± 1.8
Top 9.3± 2.7 1.9± 0.5 22.3± 2.0 9.5± 1.1 3.4± 1.9 2.0± 1.2
W + jets 19.1± 7.2 10.8± 4.3 11.7± 4.6 3.9± 1.7 0.3± 0.3 0.0± 0.0
Wγ(∗) 6.0± 2.3 4.6± 2.5 5.9± 3.2 1.3± 1.2 0.0± 0.0 0.0± 0.0
All backgrounds 124.2± 12.4 115.5± 15.0 61.7± 7.0 33.1± 5.7 4.1± 1.9 5.4± 2.2
Signal (mH = 125 GeV) 23.9± 5.2 14.9± 3.3 10.3± 3.0 4.4± 1.3 1.5± 0.2 0.8± 0.1
Data 158 123 54 43 6 7
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Figure 7: Distribution of m�� for the zero-jet eµ category in the H → WW search at 8 TeV.
The signal expected from a Higgs boson with a mass mH = 125 GeV is shown added to the
background.

Higgs in CMS

The other guys see it too.
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Figure 7.13: Schematic diagram illustrating the correlation in lepton direction resulting from the

spin-zero nature of the Higgs and the parity violating weak decays of the W s. Two Higgs decays,

with different spin orientations of the W s, are shown. The solid red arrows indicate the direction of

the decay products in the rest frame of the Higgs. The dashed black arrows indicate the direction of

the spin component along the direction of the Higgs decay products.
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Figure 7.14: Kinematic variables used to separate SMWW production fromH → WW
(∗)

production.

(a) mll distribution after the WW selection. The cut value used in the low mass Higgs search is

indicated in the figure. (b) ∆φll distribution after the low mll requirement. The cut value used in

the low mass Higgs search is indicated in the figure.
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11. Combined Higgs Results 282
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Figure 11.13: The expected 95% CL cross section upper limits as a function of mh for the individ-

ual search channels and their combination. The expected limits are those for the background-only

hypothesis, in the absence of a Higgs boson signal.

The dominant background arises from Z+jet production. The sensitivity is improved by adding a

dedicated llbb̄ sub-channel. The invariant mass of the llqq̄ system is used as the final discriminating

variable.

The final analysis included in the combined Higgs result is H → WW
(∗) → lνqq̄. This analysis is

performed for mh from 300 to 600 GeV. The mass of the two selected jets are required be consistent

with a W boson. This mass constraint allows for an event-by-event estimate of the Higgs mass. The

reconstructed Higgs mass is then used as the final discriminating variable.

To provide a feeling for the relative sensitivity of the various Higgs searches, in the different

mass ranges, Figure 11.13 shows the expected limits of the individual channels as a function of

mh. At the lowest masses the sensitivity is driven by the H → γγ analysis; the H → ττ and

H → bb̄ analyses provide additional sensitivity. From 125 to 200 GeV, the sensitivity is driven by the

H → WW
(∗) → lνlν and H → ZZ

(∗) → llνν analyses. Above 200 GeV, H → ZZ
(∗) → llll is the

strongest channel. The H → ZZ
(∗) → llνν, H → ZZ

(∗) → llqq̄, and H → WW
(∗) → lνqq̄ analyses

provide additional sensitivity at high mass.

The analyses introduced above are combined using a statistical procedure similar to that described

in previous section. Different values of µ are tested with a statistic described in Chapter 10, based

on the profile likelihood ratio [?]. The likelihood function includes all the parameters that describe
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using PYTHIA and the AUET2B tune. Scale uncertainties are
not shown for the POWHEG curves, but they have been found
to be similar to those obtained with NLOJET++.

Good agreement at the level of a few percent is observed
between NLO fixed-order calculations based on NLOJET++

and POWHEG, as described in Sec. VA1. However, signifi-
cant differences reaching Oð30%Þ are observed if POWHEG

is interfaced to different showering and soft physics models,
particularly at low pT and forward rapidity, but also at high
pT. These differences exceed the uncertainties on the non-
perturbative corrections, which are not larger than 10% for
the inclusive jet measurements with R ¼ 0:4, thus indicat-
ing a significant impact of the parton shower. The Perugia
2011 tune tends to produce a consistently larger cross
section than the standard AUET2B tune over the full rapid-
ity range. The technique of correcting fixed-order calcula-
tions for nonperturbative effects remains the convention to
define the baseline theory prediction until NLO parton
shower generators become sufficiently mature to describe
data well. The corrected NLO result predicts a consistently
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FIG. 9 (color online). Inclusive jet double-differential cross
section as a function of jet pT in different regions of jyj for jets
identified using the anti-kt algorithm with R ¼ 0:4. For conve-
nience, the cross sections aremultiplied by the factors indicated in
the legend. The data are compared to NLO pQCD calculations
using NLOJET++ to which nonperturbative corrections have been
applied. The error bars, which are usually smaller than the sym-
bols, indicate the statistical uncertainty on the measurement. The
dark-shaded band indicates the quadratic sum of the experimental
systematic uncertainties, dominated by the jet energy scale un-
certainty. There is an additional overall uncertainty of 3.4% due to
the luminosity measurement that is not shown. The theory uncer-
tainty, shown as the light, hatched band, is the quadratic sum of
uncertainties from the choice of the renormalization and factori-
zation scales, parton distribution functions, !sðMZÞ, and the
modeling of nonperturbative effects, as described in the text.
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Fig. 13 Inclusive jet
differential cross section as a
function of jet pT integrated
over the full region |y| < 2.8 for
jets identified using the anti-kt

algorithm with R = 0.4. The
data are compared to NLO
pQCD calculations to which
soft QCD corrections have been
applied. The error bars indicate
the statistical uncertainty on the
measurement, and the shaded
bands indicate the quadratic sum
of the systematic uncertainties,
dominated by the jet energy
scale uncertainty. The statistical
uncertainty is calculated as
1/

√
N , where N is the number

of entries in a given bin. There is
an additional overall uncertainty
of 11% due to the luminosity
measurement that is not shown.
The theory uncertainty shown is
the quadratic sum of
uncertainties from the choice of
renormalisation and
factorisation scales, parton
distribution functions, αs (MZ),
and the modelling of soft QCD
effects, as described in the text

Fig. 14 Inclusive jet
differential cross section as a
function of jet pT integrated
over the full region |y| < 2.8 for
jets identified using the anti-kt

algorithm with R = 0.6. The
data are compared to NLO
pQCD calculations to which
soft QCD corrections have been
applied. The uncertainties on the
data and theory are shown as
described in Fig. 13
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4

ple consists of the same preselected sample used in the
rest of this analysis: events with two leptons and Emiss

T,rel.
The scale factor used to propagate the tt̄ yield from this
sample to the signal region is estimated as the square of
the efficiency for one top decay to survive the jet veto
(estimated using another control sample, defined by the
presence of an additional b-jet), with a correction com-
puted using MC to account for the presence of single
top [27]. A sample enriched in top background is defined
for the H + 1-jet channel by reversing the b-jet veto and
removing the cuts on ∆φ!!, m!!, and mT. The extrap-
olation to the signal region is done using a scale factor
computed using MC. The control samples for top in the
H + 0-jet and H + 1-jet channels also normalize the top
contamination in the correspondingWW control regions.
In both cases, the estimated top backgrounds are consis-
tent with the expected yields in Table I.
The signal significance and limits on Higgs boson pro-

duction are derived from a likelihood function that is the
product of the Poisson probabilities of each of the lepton
flavor and jet multiplicity yields for the signal selections,
the WW+0-jet and WW+1-jet control regions, and top
control region for the H + 1-jet channel. The normaliza-
tion of the signal, the WW cross sections for theH+0-jet
and H +1-jet channels, and the top cross section for the
H +1-jet channel are allowed to vary independently; the
control regions included in the fit constrain all of these
except the signal yield. All other components are normal-
ized to their expectations scaled by nuisance parameters
constrained by Gaussian terms that include the system-
atic uncertainties described below. The results from the
control sample measurements for the top background in
the H +0-jet channel and for the W+jets and Drell-Yan
backgrounds everywhere are used as the expected values
for the corresponding backgrounds in the fit. Since these
contributions are small, the control samples themselves
are not explicitly modeled in the fit as they are for top
in the H + 1-jet channel and for WW everywhere.
The systematic uncertainties include contributions

from the 3.7% uncertainty in the luminosity [28], and
from theoretical uncertainties, which are -8/+12% and
±8% from the QCD scale and 1% and 4% from the par-
ton density functions, for gg → H and qq → qqH respec-
tively. Additional theoretical uncertainties on the accep-
tance are assessed as described in Ref. [29]. In particular,
the uncertainty in the assignment of events to jet mul-
tiplicity bins is included separately as an uncertainty on
the cross section of each bin, calculated from the approx-
imate 10% and 20% uncertainties of the inclusive 0-jet
and 1-jet cross sections, respectively.
Several sources of measurement uncertainty are taken

into account. The uncertainty on the jet energy scale is
less than 10% on the global scale including flavor compo-
sition effects, with an additional uncertainty of up to 7%
due to pile-up [15]. The electron and muon efficiencies are
determined from samples of W and Z boson data with
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FIG. 2: The expected (dashed) and observed (solid) 95% CL
upper limits on the cross section, normalized to the Standard
Model cross section, as a function of the Higgs boson mass.
Expected limits are given for the scenario where there is no
signal. The vertical lines in the curves indicate the points
where the selection cuts change, and the bands around the
dashed line indicate the expected statistical fluctuations of
the limit.

uncertainties of 2-5% and 0.3-1%, respectively, depend-
ing on |η| and pT. Uncertainties are < 1% and < 0.1%,
respectively, on the lepton energy scale and < 0.6% and
< 5% on the resolution [13]. The uncertainties on the
b-tagging efficiency and mistag rate are 6-15% and up to
21%, respectively [16]. A 13% uncertainty is applied to
the energy scale for low-pT depositions in the Emiss

T mea-
surement. All these sources of detector uncertainty are
propagated to the result by varying reconstructed quan-
tities and observing the effect on the expected yields. For
the WW background, the total (theoretical and experi-
mental) uncertainty on the ratio of cross sections in the
signal and control regions is 7.6% in the H+0-jet channel
and 21% in the H+1-jet channel; for the top background
in H + 1-jet the total for the extrapolation to the signal
region is 38%, and 29% to the WW control region.

No significant excess of events is observed. The largest
observed deviation from the expected background is 1.9σ.
A 95% CL upper bound is set on the Higgs boson cross
section as a function of mH using the CLs formalism [30].
Figure 2 shows the expected and observed limits. Dis-
continuities occur where the selection changes, since the
signal regions there are less statistically correlated be-
tween adjacent masses. In the absence of a signal, one
would expect to exclude a Standard Model Higgs boson
in the range 134 < mH < 200 GeV at the 95% CL. The
Higgs boson mass interval excluded by the measurements
presented in this Letter, 145 < mH < 206 GeV, is consis-
tent with that expectation. This measurement excludes,
at 95% CL, a larger part of the mass range favored by
the electroweak fits than previous limits [31].

Backgrounds Events

Drell Yan 2 ± 4
Top 3.9 ± 1.9

W+Jets 5 ± 2
Other Diboson (MC) 1.1 ± 0.5

WW 52 ± 7

Total Background 63 ± 9
Observed Events 81
Higgs m(H) 150 40 ± 9 
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10. Search for H → WW
(∗) 263

 [GeV]Hm
100 200 300 400 500 600

S
M

σ/
σ

9
5
%

 C
L
 L

im
it 

o
n
 

-110

1

10

210

Obs. 
Exp. 

σ1 ±
σ2 ±

 = 7 TeVs     

-1
 Ldt = 4.7 fb∫

ATLAS νlνl→
(*)

WW→H

 [GeV]Hm
110 115 120 125 130 135 140 145 150

S
M

σ/
σ

9
5
%

 C
L
 L

im
it 

o
n
 

-110

1

10

210

Obs. 
Exp. 

σ1 ±
σ2 ±

 = 7 TeVs     

-1
 Ldt = 4.7 fb∫

ATLAS νlνl→
(*)

WW→H

Figure 10.17: Observed and expected limits on the Higgs production cross section as a function of
mh, for the 2011 analysis. The left-hand plot shows mh in the range 110 - 600 GeV, the right-hand
plot focuses on mh between 110 and 150 GeV. The curves show the 95% CL upper limits. The green
and yellow regions indicate the 1σ and 2σ uncertainty bands on the expected limit.
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Figure 10.18: Observed and expected limits on the Higgs production cross section for the 0-jet (left),
1-jet (middle), and 2-jet (right) 2011 analyses.

using the 2011
√
s= 7 TeV data set[]. The combined result excluded the presence of a Higgs boson

in the mass range of around 110 to 120 GeV, and from about 130 GeV to over 500 GeV, at the 95%

confidence level. An excess of events was observed at Higgs masses of around 125 GeV. The excess

corresponded to a local significance of 2.9 standard deviations. The probability for the background

to produce an excess at least as significant anywhere in the entire mass range, 110 – 600 GeV, was

estimated to be 15%, corresponding to a global significance of approximately 1 standard deviation.

10.7.2 Results of the 2012 Analysis

The number of observed events, and the predicted signal and background yields, for the 2012 analysis

were presented in Sections 10.3 and 10.4. The statistical analysis described in the previous section has
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Motivation:
  - Dominant Background to H→WW search
  - Test EWK model, Sensitive to Triple Gauge Couplings 

Signature:
  - Performed Fully Leptonic Decays.
  - 2 Opposite-Sign Leptons (e,µ) 
  - Large Missing Energy 
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Figure 24: Missing energy distributions in the Z mass window for the ee (left) and µµ (right) channels.

8.2 Drell-Yan688

To reduce the contribution from Drell-Yan events in the signal region, both a Z mass veto and a Emiss
T, Rel689

cut is applied as described in section 7. These cuts remove a majority of Drell-Yan events, but because690

the Drell-Yan process has a much larger cross section than WW, a significant contribution is expected.691

The causes of fake Emiss
T are not expected to be reproduced by the Monte Carlo so a partially data692

driven method is used to determine a systematic uncertainty on the Drell-Yan background. The central693

value is determined from the Monte Carlo simulation and is cross-checked with a data driven method.694

The method inverts the Z mass window cut and evaluates the Data/MC agreement after applying the695

same Emiss
T, Rel cut used for the signal selection. Contributions from other backgrounds (TTbar, Single Top,696

WW, ZZ, WZ) are subtracted using the Monte Carlo prediction. Thus the level of agreement between697

data and Monte Carlo is attributed to only the Drell-Yan process. The fractional systematic uncertainty698

(S ) is determined by equation 11.699

S (Emiss
T, Relcut) =

NMC(Emiss
T, Relcut) − Ndata(Emiss

T, Relcut)

NDY (Emiss
T, Relcut)

(11)

Where NMC(Emiss
T, Relcut) is the contribution from all Monte Carlo samples passing the Emiss

T, Rel cut700

and NMC(Emiss
T, Relcut) is the contribution from only the Drell-Yan Monte Carlo. The method effectively701

quantifies the agreement between Data and MC in a control region where more statistics are available702

and applies that to the signal region. The method assumes that all causes of discrepancies are the same703

inside and outside the Z mass window.704

The Emiss
T, Rel distributions in the ee and µµ channels are shown in Figure 8.2. The method is applied705

using the same Emiss
T, Rel cut that is applied to the signal region – 40 GeV for the ee channel and 45 GeV706

for the µµ channel. Table 24 shows the S value, its uncertainty, and the components of Equation 11. We707

observe that the S ratio is negative, but consistent with 0 within statisical uncertainties. The absolute708

value of S is used to produce the final systematic. The S has a statistical uncertainty that can be large709

relative to its value because of the limited statistics in the control region. Therefore, to account of710

variations of S within its statistical uncertainty, the S value is added in quadrature with its statistical711

uncertainty.712
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  Observed momentum imbalance that is not
    due to the presence of neutrinos.

Use Data Events in the Z peak:
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    with: 

Causes of fake MeT not necessarily 
  expected to be reproduced by MC.

Channel S
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Background from Top from lost Jets

Use Top control region in data

NBkg
Top (0-jet) = NData-CR

Top ×
NMC

Top(0-jet)

NMC-CR
Top

Reduce systematics by applying SF measured in Tag sample. 

Leads to cancelation of some of the JES uncertainty in jet-veto .
    ~20 % systematic vs ~40 % without SF.

NBkg
Top (0-jet) = NData

Top × SF×
NMC

Top(0-jet)

NMC
Top

SF - scale factor from tag sample 
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NW+Jet
Bkg = f ×N(Lepton+Denm)

Measured in a di-jet sample

Observed Lepton-Denm.
pairs passing event selection.

1) Define Denominator Definition
2) Measure f and its uncertainty in di-jet control sample 
3) Select (Lepton-Denm.) pairs passing the Event selection
4) Subtract non-W+jet contribution to (Lep-Denm) pairs, with MC 
5) Scale by f  to predict W+jet event yields / kinematics.
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Source Uncertainty

Luminosity 3.7%
Background 9.6%
Acceptance 7.4%

Systematic 13.1%

Statistical 8.3%

WW Cross Section Results
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Figure 9.4: Kinematic distributions of selected events in theWW signal region. The Emiss
T is shown on

the left-hand side, mll is shown on the right-hand side. The same-flavor and opposite-flavor channels

have been combined. The points show the observed data and the stacked histograms represent the

signal and background expectation.

Background Process eµ-channel ee-channel µµ-channel
DY 13.0± 2.1± 1.6 12.5± 2.3± 1.4 10.9± 2.5± 1.4
Top 11.9± 1.8± 2.4 3.1± 0.5± 0.6 3.8± 0.6± 0.8

W+jet 10.0± 1.6± 2.1 4.1± 1.3± 0.9 4.2± 1.1± 1.3
Di-boson 5.1± 1.0± 0.7 2.1± 0.8± 0.3 2.9± 0.4± 0.4

Total background 40.0± 3.3± 3.6 21.7± 2.8± 1.8 21.8± 2.8± 2.1
(Data Yields) (202) (59) (64)

Table 9.6: The estimated background yields in the WW data sample. The first uncertainty is

statistical, the second systematic.

9.4.1 Z/γ∗ Background

The Z/γ∗
background is estimated by running the WW event selection on the simulated Z/γ∗

events.

The Alpgen MC generator, interfaced to Pythia for parton showering, is used to model Z/γ∗
events.

However, the causes of fake Emiss
T may not be accurately reproduced by the Monte Carlo. To address

this issue, a data-driven method is used to determine a systematic uncertainty on the background

prediction.

The MC modeling of the Emiss,Rel
T distribution is tested using same-flavor events for which the

Z-veto is reversed, |mll −mZ | < 15 GeV. The systematic uncertainty is evaluated by quantifying the

data-MC agreement after the Emiss,Rel
T requirement. All of the other WW event selection is applied.

Non-Z/γ∗
contributions from other backgrounds are subtracted using the Monte Carlo prediction.

Any MC mis-modeling is attributed to only the Z/γ∗
process. The method assumes that all causes

of discrepancies are the same inside and outside the Z-mass window.
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eµ-channel ee-channel µµ-channel
σfid [fb] 294± 26± 15± 11 92.0± 18.9± 9.4± 3.4 57.2± 10.8± 5.2± 2.1
σSM
fid [fb] 230± 19 63.4± 5.3 59.0± 4.7

Table 9.14: The measured fiducial cross sections (σfid) and the SM predictions (σSM
fid ). The first

uncertainty is statistical and the second systematic. The 3.7% relative uncertainty on the integrated
luminosity is the third uncertainty on the measured cross sections. The uncertainties on σSM

fid are
highly correlated between the channels.

in Table 9.14. The measurements are consistent with the SM predictions, differing by +1.7σ (eµ-

channel), +1.3σ (ee-channel) and 0.1σ (µµ-channel). Contributions from a SM Higgs boson would be

small. For a Higgs boson of mass 125 GeV, 2.9 events are expected in the eµ-channel, 0.9 in the ee-

channel, and 1.8 events in the µµ channel. The uncertainties on the fiducial cross section measurement

arising from the CWW term are due to the lepton modeling, jet energy scale and resolution, and Emiss
T

modeling. These uncertainties are listed in the first five rows of Table 9.13.

The extrapolation to the total cross section is made with AWW . The uncertainty on AWW comes

from PDFs and scale variations affecting the lepton and jet veto acceptances. These are shown in the

last three rows of Table 9.13. The total cross section is measured combining the three channels. The

combined measurement is performed by minimizing a likelihood fit to the WW cross-section using the

observed data and background predictions in each channel. The combined cross section measurement

gives:

σ(pp → WW ) = 54.4± 4.0(stat)± 3.9(syst)± 2.0(lumi) pb,

to be compared with the NLO SM prediction of σ(pp → WW ) = 44.4± 2.8 pb.

9.7 Conclusion

The pp → WW cross section has been measured in the fully leptonic decay channel using the first 1.02

fb−1 of
√
s= 7 TeV data collected in 2011. The measured cross section of 54.4± 5.9 pb is consistent

with the SM prediction of 44.4 ± 2.8 pb. The measurement of the WW cross section in the fiducial

phase space has also been reported.
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0-jet Signal WW Di-boson tt̄ Single Top Z/γ∗
W + jets Total Bkg. Obs.

Jet Veto 56.7± 0.2 1273± 79 97± 4 174± 12 95± 7 1039± 28 217± 4 2893± 115 2849
m�� < 50 GeV 45.2± 0.2 312± 20 41± 3 29± 2 19± 2 168± 10 70± 2 639± 28 645
p
��
T cut 40.1± 0.2 282± 18 35± 3 28± 2 18± 2 28± 6 49± 2 439± 26 443

∆φ�� < 1.8 39.0± 0.2 276± 17 33± 2 27± 2 18± 2 28± 6 44± 1 425± 26 429

Table 10.8: The observed and expected numbers of signal and background events in the low mh

selection of the 0-jet 2011 analysis. The signal is for mH = 125 GeV. The W+jets background is
estimated entirely from data, whereas MC predictions normalized to data in control regions are used
for WW , Z/γ∗+jets, and top processes. Contributions from other background sources are taken
directly from MC. Only statistical uncertainties associated with the number of events in the MC
samples and the data control regions are shown.

0-jet Signal WW Di-boson tt̄ Single Top Z/γ∗
W + jets Total Bkg. Obs.

Jet Veto 47.5± 0.4 1308± 9 125± 4 184± 4 109± 6 850± 32 138± 4 2714± 34 2691
p
��
T > 30 GeV 43.4± 0.4 1077± 8 99± 4 165± 4 98± 5 47± 8 102± 2 1589± 14 1664

m�� < 50 GeV 34.9± 0.4 244± 4 33± 2 28± 2 17± 2 5± 2 29± 1 356± 6 421
∆φ�� < 1.8 33.6± 0.4 234± 4 32± 2 27± 2 17± 2 4± 2 25± 1 339± 6 407

Table 10.9: The observed and expected numbers of signal and background events in the 0-jet 2012
analysis. The signal is for mH = 125 GeV. The W+jets background is estimated entirely from
data, whereas MC predictions normalized to data in control regions are used for SM WW and top
processes. Contributions from other background sources are taken directly from MC. Only statistical
uncertainties associated with the number of events in the MC samples and the data control regions
are shown.

of background, at each stage of the analysis. Only the statistical uncertainties are quoted. Further

details on the background predictions and the associated systematic uncertainties are provided below.

The transverse mass, mT, of events passing the 0-jet selection is used in the final fit. The transverse

mass is defined as:

mT =
��

E
ll

T + E
miss
T

�2 −
��pll

T + pmiss
T

��2, (10.2)

where: E
ll

T =
�
|pll

T|2 +m
2
ll
, |pmiss

T | = E
miss
T , and |pll

T| = pTll . As discussed is Section 7.4, mT is

sensitive to the Higgs mass in the resonant H → WW
(∗) production. The mT distribution after the

full 0-jet selection is shown in Figure 10.6. For mh= 125 GeV, the Higgs signal distribution has the

same shape as the W+jet background. The final fit cannot constrain the relative amount of W+jet

in the signal region. It is thus critical that the W+jet background is well understood.

10.3.2 1-Jet Analysis

After the E
miss,Rel
T requirement, events containing one reconstructed jet are dominated by top back-

ground, and have significant contributions from SM WW and Z/γ∗ background. The relative contri-
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Figure 10.8: mll distribution after the Z → ττ veto for the 2011 analysis (left-hand side) and the 2012

analysis (right-hand side). The points show the observed data and the stacked histograms represent

the signal and background expectation. The signal distribution in the left-hand plot has been scale

up by a factor of 10 for clarity.

1-Jet Signal WW Di-boson tt̄ Single Top Z/γ∗
W + jets Total Bkg. Obs.

1 jet 22.7± 0.1 343± 54 56± 3 1438± 60 436± 19 357± 17 85± 3 2715± 142 2706

b-jet veto 20.9± 0.1 319± 50 52± 3 412± 18 139± 7 332± 16 76± 3 1330± 84 1369

|ptot
T | < 30 GeV 14.0± 0.1 226± 35 34± 2 181± 8 80± 4 108± 8 37± 2 666± 51 684

Z → ττ veto 14.0± 0.1 220± 34 34± 2 173± 8 77± 4 85± 7 37± 2 627± 50 644

m�� < 50 GeV 10.9± 0.1 49± 8 14± 2 33± 2 18± 1 24± 3 12± 1 148± 12 170

∆φ�� < 1.8 10.1± 0.1 44± 7 13± 2 31± 2 17± 1 10± 2 10± 1 126± 10 145

Table 10.11: The observed and expected numbers of signal and background events in the low mh

selection of the 1-jet 2011 analysis. The signal is for mH = 125 GeV. The W+jets background is

estimated entirely from data, whereas MC predictions normalized to data in control regions are used

for WW , Z/γ∗+jets, and top processes. Contributions from other background sources are taken

directly from MC. Only statistical uncertainties associated with the number of events in the MC

samples and the data control regions are shown.

1-Jet Signal WW Di-boson tt̄ Single Top Z/γ∗
W + jets Total Bkg. Obs.

1 jet 24.9± 0.3 396± 5 74± 3 1652± 12 479± 12 283± 20 68± 3 2953± 27 2874

b-jet veto 21.1± 0.3 334± 4 56± 2 349± 6 115± 6 236± 18 53± 2 1144± 21 1115

|ptot
T | < 30 GeV 12.2± 0.2 210± 3 30± 2 139± 4 63± 5 124± 14 23± 2 590± 15 611

Z → ττ veto 12.2± 0.2 204± 3 29± 2 133± 3 61± 5 98± 12 23± 2 547± 14 580

m�� < 50 GeV 9.2± 0.2 37± 1 10± 1 21± 1 12± 2 16± 5 8.0± 0.9 104± 6 122

∆φ�� < 1.8 8.6± 0.2 34± 1 9± 1 20± 1 11± 2 3± 2 6.4± 0.7 84± 4 106

Table 10.12: The observed and expected numbers of signal and background events in the 1-jet 2012

analysis. The signal is for mH = 125 GeV. The W+jets background is estimated entirely from

data, whereas MC predictions normalized to data in control regions are used for SM WW and top

processes. Contributions from other background sources are taken directly from MC. Only statistical

uncertainties associated with the number of events in the MC samples and the data control regions

are shown.
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the signal and background expectation. The signal distribution in the left-hand plot has been scale

up by a factor of 10 for clarity.

1-Jet Signal WW Di-boson tt̄ Single Top Z/γ∗
W + jets Total Bkg. Obs.

1 jet 22.7± 0.1 343± 54 56± 3 1438± 60 436± 19 357± 17 85± 3 2715± 142 2706

b-jet veto 20.9± 0.1 319± 50 52± 3 412± 18 139± 7 332± 16 76± 3 1330± 84 1369

|ptot
T | < 30 GeV 14.0± 0.1 226± 35 34± 2 181± 8 80± 4 108± 8 37± 2 666± 51 684
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m�� < 50 GeV 10.9± 0.1 49± 8 14± 2 33± 2 18± 1 24± 3 12± 1 148± 12 170

∆φ�� < 1.8 10.1± 0.1 44± 7 13± 2 31± 2 17± 1 10± 2 10± 1 126± 10 145

Table 10.11: The observed and expected numbers of signal and background events in the low mh

selection of the 1-jet 2011 analysis. The signal is for mH = 125 GeV. The W+jets background is

estimated entirely from data, whereas MC predictions normalized to data in control regions are used

for WW , Z/γ∗+jets, and top processes. Contributions from other background sources are taken

directly from MC. Only statistical uncertainties associated with the number of events in the MC

samples and the data control regions are shown.

1-Jet Signal WW Di-boson tt̄ Single Top Z/γ∗
W + jets Total Bkg. Obs.

1 jet 24.9± 0.3 396± 5 74± 3 1652± 12 479± 12 283± 20 68± 3 2953± 27 2874

b-jet veto 21.1± 0.3 334± 4 56± 2 349± 6 115± 6 236± 18 53± 2 1144± 21 1115

|ptot
T | < 30 GeV 12.2± 0.2 210± 3 30± 2 139± 4 63± 5 124± 14 23± 2 590± 15 611

Z → ττ veto 12.2± 0.2 204± 3 29± 2 133± 3 61± 5 98± 12 23± 2 547± 14 580

m�� < 50 GeV 9.2± 0.2 37± 1 10± 1 21± 1 12± 2 16± 5 8.0± 0.9 104± 6 122

∆φ�� < 1.8 8.6± 0.2 34± 1 9± 1 20± 1 11± 2 3± 2 6.4± 0.7 84± 4 106

Table 10.12: The observed and expected numbers of signal and background events in the 1-jet 2012

analysis. The signal is for mH = 125 GeV. The W+jets background is estimated entirely from

data, whereas MC predictions normalized to data in control regions are used for SM WW and top

processes. Contributions from other background sources are taken directly from MC. Only statistical

uncertainties associated with the number of events in the MC samples and the data control regions

are shown.
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Source (0-jet) Signal (%) Bkg. (%)

Inclusive ggF signal ren./fact. scale 19 -
1-jet incl. ggF signal ren./fact. scale 10 -
W+jets fake factor - 10
Parton distribution functions 8 2
WW normalization - 6
Jet energy scale 6 -

Source (1-jet) Signal (%) Bkg. (%)

1-jet incl. ggF signal ren./fact. scale 27 -
2-jet incl. ggF signal ren./fact. scale 15 -
E

miss
T modeling 8 3

W+jets fake factor - 7
b-tagging efficiency - 7
Parton distribution functions 7 1

Table 10.22: Main systematic uncertainties on the predicted numbers of signal (mH = 125 GeV) and
background events for the low mh 2011 analyses. The percentages are quoted relative to the total
signal and background expectations. All numbers are summed over lepton flavors. The results are
given for the signal-rich region of mT, defined by 0.75mH < mT < mH for mH = 125 GeV. Sources
of uncertainty that are negligible or not applicable are marked with a ‘-’.

Source (0-jet) Signal (%) Bkg. (%)

Inclusive ggF signal ren./fact. scale 13 -
1-jet incl. ggF signal ren./fact. scale 10 -
Parton distribution functions 8 2
Jet energy scale 7 4
WW normalization - 7
WW modeling and shape - 5
W+jets fake factor - 5
QCD scale acceptance 4 2

Source (1-jet) Signal (%) Bkg. (%)

1-jet incl. ggF signal ren./fact. scale 28 -
WW normalization - 25
2-jet incl. ggF signal ren./fact. scale 16 -
b-tagging efficiency - 10
Parton distribution functions 7 1
W+jets fake factor - 5

Table 10.23: Main systematic uncertainties on the predicted numbers of signal (mH = 125 GeV)
and background events for the 2012 0-jet and 1-jet analyses. The percentages are quoted relative to
the total signal and background expectations. The results are given for the signal-rich region of mT,
defined by 0.75mH < mT < mH for mH = 125 GeV. Sources of uncertainty that are negligible or
not applicable are marked with a ‘-’.
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7. WW Physics 137

pl,jT

Emiss
T

Emiss,Rel
T∆φl,j

Figure 7.7: Schematic diagram of the Emiss,Rel
T calculation. Emiss,Rel

T uses the component of the Emiss
T

perpendicular to the nearest lepton or jet.

direction of a reconstructed lepton or jet. When Emiss
T is close to a reconstructed object, only the

component of Emiss
T perpendicular to the object is used. The motivation for using Emiss,Rel

T is to

suppress fake Emiss
T from mis-measured leptons and jets, and to remove Z → ττ decays. Fake Emiss

T

can arise when the pT of a lepton or jet is mis-measured. In this case, the resulting Emiss
T tends to

point along the direction of the mis-measured object. The Emiss,Rel
T variable is less sensitive to this

type of fake Emiss
T . Similarly for Z → ττ , the lepton and neutrinos from the τ decay tend to be

culminated, and thus a significant component of Emiss
T is along the direction of the leptons. These

events are suppressed by Emiss,Rel
T .

The Emiss,Rel
T distribution for di-lepton events after the Z veto is shown in Figure 7.8. The Z/γ∗

events populate low values of Emiss,Rel
T , in both the same-flavor and opposite-flavor channels. By

requiring the events to have large Emiss,Rel
T , the dominate Z/γ∗ component is removed. Typical

Emiss,Rel
T requirements are greater 45 GeV for the same-flavor channels, and greater than 25 GeV

for the opposite-flavor channel. These cut values are indicated in the figure. Because the Z/γ∗

contribution is much larger in the same-flavor channels, the Emiss,Rel
T requirement is stricter. As can

be seen in figure, the Emiss,Rel
T requirement results in a significant loss in WW acceptance, particularly

in the same-flavor channels, but dramatically improves the signal to background.

After the requirement of large missing energy, the selected events are dominated by top-quark

background. The majority of this is from tt̄ production, with Wt contributing about 10%. Top events

produce pairs of W bosons in association with b-jets. Thus, top background can be suppressed by

removing events containing reconstructed jets. Figure 7.9 shows the distribution of the number of

reconstructed jets after the Emiss,Rel
T cut. Most of the top background has reconstructed jets in the

final state. By vetoing events with reconstructed jets, the top background can be significantly reduced.

This requirement, referred to as a “jet-veto”, is effective in removing top and is fairly efficient for

WW . As top is a major background for both same-flavor and opposite-flavor events, the jet-veto is

applied to all channels. The top background surviving the jet-veto consists of roughly equal amounts

of tt̄ and Wt.
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Figure 1: (a) Distribution of cluster transverse energy, ET, for the electron candi-
dates. The simulation uses PYTHIA with the W and Z/γ∗ components normalised
to their NNLO total cross-sections and the heavy-flavour, conversion and hadronic
components then normalised to the total expectation from the data. Data with
pT < 18 GeV are rescaled to 1.3 pb−1 from lower integrated luminosities. (b-d)
PYTHIA simulations of the distributions of discriminating variables used to extract
the electron heavy-flavour plus W/Z/γ∗ signal compared to data: (b) the ratio,
fTR, between the number of high-threshold hits and all TRT hits on the electron
track; (c) the number of hits, nBL, on the electron track in the pixel B-layer; (d)
the ratio, E/p, between cluster energy and track momentum.

on the distributions of fTR, nBL and E/p. From simulation, a twelve-bin
three-dimensional probability density function (pdf) in these variables is
constructed for the signal and conversion components. For the hadronic
background, the shapes of the three template distributions are described by
additional free parameters (as in [25]) and are fitted to the data: in doing so,
the method assumes no correlations exist between the three discriminating

8



E/p
0 1 2 3 4 5 6 7 8 9 10

-410

-310

-210

-110
Isolated electrons

Hadrons

Non-isolated electrons
Background electrons

ATLAS Preliminary
Simulation

stotw
0 2 4 6 8 10 12

-510

-410

-310

-210

-110

Isolated electrons

Hadrons

Non-isolated electrons
Background electrons

ATLAS Preliminary
Simulation

75

Prompt Electrons
Hadrons
Heavy-Flavor
Conversions

stotw
0 2 4 6 8 10 12

-510

-410

-310

-210

-110

Isolated electrons

Hadrons

Non-isolated electrons
Background electrons

ATLAS Preliminary
Simulation

had1R
-0.02 0 0.02 0.04 0.06 0.08 0.1
-510

-410

-310

-210

-110

Isolated electrons

Hadrons

Non-isolated electrons
Background electrons

ATLAS Preliminary
Simulation

R
0 0.2 0.4 0.6 0.8 1

-510

-410

-310

-210

-110
Isolated electrons

Hadrons

Non-isolated electrons
Background electrons

ATLAS Preliminary
Simulation

fraction of high threshold TRT hits
0.1 0.2 0.3 0.4 0.5 0.60

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Isolated electrons

Hadrons

Non-isolated electrons
Background electrons

ATLAS Preliminary
Simulation

Electron Identification

stotw
0 2 4 6 8 10 12

-510

-410

-310

-210

-110

Isolated electrons

Hadrons

Non-isolated electrons
Background electrons

ATLAS Preliminary
Simulation



Low Low Mass

76

10
-2

10
-1

1

0 10 20 30 40 50 60 70 80 90 100

OPAL
!s
 "

 = 91, 183-209 GeV

10-6

Observed
Expected
(CL=95%)

mS
0 (GeV)

Li
m

it 
on

 k

k

mS0 ! 1
10−6

0

10

20

30

40

50

60

0 10 20 30 40 50

Minimum
invisible
ee
bb

a)
!s=91.2 GeV
Z0 " e+e-

mS
0 (GeV)

Ef
fic

ie
nc

y 
(%

)

0

10

20

30

40

50

60

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1 10 10
2

Minimum
invisible
ee
bb

b)
!s=91.2 GeV
Z0 " e+e-

mS
0 (GeV)

Ef
fic

ie
nc

y 
(%

)

0

10

20

30

40

50

60

0 10 20 30 40 50

Minimum
invisible
µµ

bb

c)

!s=91.2 GeV
Z0 " µ+µ-

mS
0 (GeV)

Ef
fic

ie
nc

y 
(%

)

0

10

20

30

40

50

60

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1 10 10
2

Minimum
invisible
µµ

bb

d)
!s=91.2 GeV
Z0 " µ+µ-

mS
0 (GeV)

Ef
fic

ie
nc

y 
(%

)

S0
√

s = 91.2
S0 Z0 → e+e− Z0 → µ+µ−

S0

mS0 ! ΓZ0

mS0 ≤ 1


