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m i s s=145 GeV
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j e t 1=100 GeV

E T
j e t 2=5 5 GeV

M j j=8 2 GeV

Basic selection:

   - two acoplanar jets
   - ! 1 tagged b-jets (CDF)
         2 tagged b-jets (DØ)
   - ET

miss > 70 GeV (CDF)
                   50 GeV (DØ)

b jet
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The Standard Model

H
where s, t are the Mandelstam variables [the c.m. energy s is the square of the sum of

the momenta of the initial or final states, while t is the square of the difference between

the momenta of one initial and one final state]. In fact, this contribution is coming from

longitudinal W bosons which, at high energy, are equivalent to the would–be Goldstone

bosons as discussed in §1.1.3. One can then use the potential of eq. (1.58) which gives the

interactions of the Goldstone bosons and write in a very simple way the three individual

amplitudes for the scattering of longitudinal W bosons
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which after some manipulations, can be cast into the result of eq. (1.149) given previously.
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Figure 1.15: Some Feynman diagrams for the scattering of W bosons at high energy.

These amplitudes will lead to cross sections σ(W+W− → W+W−) # σ(w+w− → w+w−)

which could violate their unitarity bounds. To see this explicitly, we first decompose the

scattering amplitude A into partial waves a! of orbital angular momentum "

A = 16π
∞∑

!=0

(2" + 1)P!(cos θ) a! (1.151)

where P! are the Legendre polynomials and θ the scattering angle. Since for a 2 → 2 process,

the cross section is given by dσ/dΩ = |A|2/(64π2s) with dΩ = 2πdcos θ, one obtains

σ =
8π

s

∞∑
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∫ 1
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(2" + 1)|a!|2 (1.152)

where the orthogonality property of the Legendre polynomials,
∫

d cos θP!P!′ = δ!!′ , has

been used. The optical theorem tells us also that the cross section is proportional to the

imaginary part of the amplitude in the forward direction, and one has the identity

σ =
1

s
Im [ A(θ = 0) ] =

16π

s
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!=0

(2" + 1)|a!|2 (1.153)
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The Higgs Mechanism
‣ The Higgs field acquires a 

vacuum expectation value

‣ Particles interact with the Higgs 
field and acquire an effective 
mass

V(Ф)=μ2|Ф|+λ(|Ф|2)2

‣ The mass relation between 
γ, W and Z bosons is 
determined
‣ Couplings and branching 

ratios are determined.

v =
√
−µ2

2λ = 246GeV

mγ = 0

mW =
1
2
vg

mZ =
1
2
vg

1
cos θW

mH =
√

2λv2

mf =
1√
2
gfv



Constraints on the Higgs Mass

‣ Excluded by LEP
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regions of fine–tuning less than 10 and 100 are given, respectively, by the light and dark

hatched regions. The white region corresponds to the one where all constraints are fulfilled

and where the Veltman condition is approximately satisfied.

For low values of the scale, Λ <∼ 1 TeV, there is no fine–tuning problem for any reasonable

Higgs boson mass value. But as Λ increases, the range of Higgs masses where the fine–

tuning is smaller than 10% or 1% becomes narrow. For instance, with Λ ∼ 3 TeV, the

Higgs boson mass must be above ∼ 150 GeV while with Λ ∼ 10 TeV, only a narrow range

around MH ∼ 200 GeV for ∆FT = 10, sometimes called the Veltman throat, is allowed.

For even higher scales, only the line with MH ∼ 200 GeV, where the Veltman condition is

approximately satisfied, survives.
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Figure 1.21: The contours for the fine–tuning parameter ∆FT in the plane (MH , Λ). The
dark (light) hatched region marked “1%” (“10%”) represents fine–tunings of greater than 1
part in 100 (10). The constraints from triviality, stability and electroweak precision data are
also shown. The empty region is consistent with all constraints and has ∆FT less than 10%.
From Ref. [140].

Thus, one can obtain a very useful information by considering the fine–tuning problem

in the SM at scales of a few tens of TeV. In the vicinity of these scales, a Higgs boson with

a mass MH ∼ 200 GeV can still allow for an acceptable amount of fine–tuning.
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Fine Tuning ΔFT < 10%/1%



Tevatron



Run IIa Run IIb

Delivered Recorded

Run IIa 1.6 fb-1 1.3 fb-1

Run IIb (so far) 1.9 fb-1 1.7 fb-1

Total 3.5 fb-1 3.0 fb-1

2006 shutdown:

• new Layer 0 silicon installed 

• trigger upgrades installed

April 02 Jan 08

Passed 3fb-1 
milestone in recorded 

luminosity on 16 
January 2008



Two General Purpose Detectors:  CDF      DØ
Electron acceptance              |η|<2.0 |η|<3.0
Muon acceptance                  |η|<1.5 |η|<2.0
Silicon Precision tracking      |η|<2.0 |η|<3.0
Hermetic Calorimeter            |η|<3.6 |η|<4.2

Powerful trigger systems (2.5MHz →50Hz)
Dilepton triggers with pT>4GeV

protons
antiprotons

3 Layer
Muon 
System

Tracker Solenoid Magnet



 Tevatron Cross Sections

The Higgs cross section is
10-11 orders of magnitudes 
lower than the total inelastic 

cross section.

Evidence of single top 
production is an important 

milestone towards the 
Higgs boson.

Light quarks are 
ubiquitous.

Plenty of W and Z bosons 
→ calibration.

Total inelastic cross section.



Higgs Production 
and Decay
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High Mass Higgs Channels

Remi Mommsen – SM Higgs Searches, XLIII Recontres de Moriond (QCD)

H!WW*! ℓ " ℓ’"’

Three main channels (ee, e!, !!)

two high pT isolated leptons

large missing ET

< 2 jets

Higgs mass cannot be reconstructed
(escaping "’s)

WW* is irreducible background

separate using angular correlation

 Higgs (scalar): small #$(ℓ,ℓ’)

 WW* (vector): large #$(ℓ,ℓ’)
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• final states with charged leptons:
‣ e±e∓ 
‣ e±µ∓  ← counts twice
‣ µ±µ∓

‣ l±τ∓h  ← difficult
• hadronic final state:
‣ very difficult

3/30 Aidan Robson                  Glasgow University

Hadronic Ws?

WW! l"jj

Signal + background

Background only!
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Leptonic final states

for our Higgs search

W+ e+

W- e-

ν

n

Angular correlation of 
leptons due to V−A as 
H is a spin 0 particle:
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FIG. 2: Distribution of the invariant mass Me±µ∓ (left) and E/ T (right) at pre-selection for the eµ channel.
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FIG. 3: Distribution of the invariant mass Mµ+µ− (left) and E/ T (right) at pre-selection for the µµ channel.
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FIG. 4: Distribution of ∆φ(e1, e2) after pre-selection (left) and final selection (right), in the ee channel.



High Mass Higgs Channels

Remi Mommsen – SM Higgs Searches, XLIII Recontres de Moriond (QCD)

H!WW*! ℓ " ℓ’"’

Three main channels (ee, e!, !!)

two high pT isolated leptons

large missing ET

< 2 jets

Higgs mass cannot be reconstructed
(escaping "’s)

WW* is irreducible background

separate using angular correlation

 Higgs (scalar): small #$(ℓ,ℓ’)

 WW* (vector): large #$(ℓ,ℓ’)
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• 2 leptons with high pT

• Isolation of e/µ against QCD and b-jets
• E̷T due to 2 neutrinos
• E̷T significance:
‣ not from mis-measured  lepton pT

‣ not from mis-measured jet pT

• mll  <  mZ

• Σjets pT < 100 against tt̅ background
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FIG. 7: RunIIa: Distribution of the pseudorapidity η (left) and of φ (right) of the leptons.
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S/B ≈ 15/300k
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FIG. 11: RunIIa: Distribution of the invariant mass Mµµ after preselection (left) and after the transverse mass cut is applied (right) for
Higgs masses 120, 160, and 200 GeV.

S/B ≈ 5/50
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FIG. 13: RunIIa: Distribution of the sum of the jet transverse momenta after preselection (left) and after the pT sum cut is applied
(right) for Higgs masses 120, 160, and 200 GeV.
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Cuts Optimised for mH =120 - 200  

8

V. EVENT SELECTION FOR THE H → WW ∗ → µµ FINAL STATE

Events are selected using cuts on kinematic and topological quantities. A Neural Network is used to finally distin-
guish signal from background.

A. Cut based Event Selection

In order to exploit differences in kinematic variables as a function of the Higgs bosons mass the cuts summarized
in Table III are applied. They are for a Higgs mass of mH = 160 GeV:

Selection criterion mH = 120 mH = 140 mH = 160 mH = 180 mH = 200

Cut 1 Preselection Trigger, ID, leptons with opposite charge, zV TX < 60 cm, Mµµ > 17 GeV
pT > 20/10GeV 20/15 25/15 25/15 25/15

Cut 2 Missing trans-
verse energy
E/

T

25 < E/
T

< 70 25 < E/
T

< 80 30 < E/
T

< 90 35 < E/
T

< 100 35 < E/
T

< 110

Cut 3 Sig(E/
T

) Sig(E/
T

) > 5 (for NJet > 0)

Cut 4 MT
min (l, E/

T
) MT

min > 30 MT
min > 30 MT

min > 40 MT
min > 45 MT

min > 45
Cut 5 Invariant mass

Mµµ

17 < Mµµ < 60 17 < Mµµ < 70 17 < Mµµ < 75 17 < Mµµ < 85 17 < Mµµ < 95

Cut 6 ΣpT = pl
T + pl′

T +
E/

T

60 < ΣpT < 135 70 < ΣpT < 160 80 < ΣpT < 170 90 < ΣpT < 180 90 < ΣpT < 200

Cut 7 HT (scalar sum of
pJet

T )
HT < 60 HT < 60 HT < 60 HT < 60 HT < 50

Info Neural Net NN > 0.5

TABLE III: Summary of the selection criteria for a Higgs mass MH dependent selection.

• Two muons must originate from the same vertex within z of 60 cm of detector center. The beam shape for the
Monte Carlo simulation is modelled according to [20]. The two muons are required to be of opposite charge
and must have pT > 25 GeV for the leading muon and pT > 15 GeV for the trailing muon for a Higgs mass of
MH = 160 GeV. At least one of the muons must have an SMT hit. The pT distributions for the leading and
the trailing muon after preselection are shown in Fig. 6, their distributions in η and φ are shown in Fig. 7.

• A cut on the missing transverse energy in the event E/ T > 30 GeV is applied to suppress the large Z/γ∗

background. Fig. 8 (left) shows the missing transverse energy distribution after preselection. The sample is
cleaned further by requiring E/ T < 90.

• Events are removed if the E/ T could have been produced by a mis-measurement of jet energies. Sig(E/ T ) is
required to be greater than 5 if a jet with pT > 15 GeV is found in the event. Events without jets pass this
selection. The distribution of Sig(E/ T ) after preselection is shown in Fig. 8 (right).

• If the E/ T in an event comes from a mismeasured lepton the transverse mass of that lepton MT (µ, E/ T ) will
be small. A selection of MT (µ, E/ T ) > 40 GeV is applied for both muons. The transverse mass distribution of
both muons after preselection is shown in Fig. 9. The minimum of the transverse masses of the two muons is
shown in Fig. 10.

• The cut on the invariant dimuon mass of 17 GeV < Mµµ < 75 GeV removes remaining background from
Z/γ∗ → µµ decays. Fig. 11 shows the invariant mass distribution at preselection and before the cut is applied.

• The distributions of the sum of the lepton transverse momenta and the missing transverse energy ΣpT =
pT (µ1)+pT (µ2)+E/ T are shown in Fig. 12 after preselection (left) and before the cut 80 GeV < ΣpT < 170 GeV
is applied (right).
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FIG. 1: Distributions at pre-selection of: ee mass (top left), E/ T (top right), E/ Scaled
T (middle left), Mmin

T (middle right),
P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).
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FIG. 1: Distributions at pre-selection of: ee mass (top left), E/ T (top right), E/ Scaled
T (middle left), Mmin

T (middle right),
P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).
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FIG. 1: Distributions at pre-selection of: ee mass (top left), E/ T (top right), E/ Scaled
T (middle left), Mmin

T (middle right),
P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).
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FIG. 2: Distribution of the invariant mass Me±µ∓ (left) and E/ T (right) at pre-selection for the eµ channel.
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FIG. 4: Distribution of ∆φ(e1, e2) after pre-selection (left) and final selection (right), in the ee channel.
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FIG. 1: Distributions at pre-selection of: ee mass (top left), E/ T (top right), E/ Scaled
T (middle left), Mmin

T (middle right),
P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).
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FIG. 6: Distribution of the NN output at pre-selection (left) and after the final selection (right) in the ee channel.
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FIG. 7: Distribution of the NN output at pre-selection (left) and after the final selection (right) in the eµ channel.

VI. RESULTS AND SUMMARY

The estimates for the expected number of background and signal events depend on numerous factors that each
introduce a systematic uncertainty: lepton reconstruction efficiencies (8-13%), trigger efficiencies (5%), jet energy
scale calibration (1%), lepton momentum calibration (11%), PDF uncertainties (< 4%), theoretical cross section
(di-boson 7%, t̄t 16%), and modeling of multijet background (30%). The systematic uncertainty on the luminosity
is mainly a combination of the PDF uncertainty, uncertainty for the NNLO Z cross section (4%) and data/MC
normalization factors (2%). The total uncertainty on the background level is approximately 16% and for the signal
efficiency is 10%. The effects of these uncertainties on the NN output distribution shapes were also studied and
included as additional systematic uncertainties. Further NN output shape uncertainties were included based on the
agreement of NN input variables between data and MC at pre-selection and the difference in WW pT between Pythia
and Sherpa [19].

After all selection cuts, the NN output distributions of data agree within uncertainties with the expected back-
grounds. Thus the NN output distributions are used to set limits on the production cross section times branching
ratio σ × BR(H → WW (∗)). We calculate limits for each channel and all three channels combined, using the CLs
method with a log-likelihood ratio (LLR) test statistic [20]. To minimize the degrading effects of systematics on the
search sensitivity, the individual background contributions are fitted to the data observation by maximizing a profile
likelihood function for each hypothesis [21]. Table VII presents expected and observed upper limits at 95% CL for
σ × BR(H → WW (∗)) relative to that expected in the SM, for each of the three final states, all three combined, the
Run IIa data alone, and these Run IIb analyses combined with Run IIa, for each Higgs boson mass considered.
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FIG. 5: Distribution of the ME discriminant after pre-selection (left) and final selection (right), in the ee channel.

ee / eµ NN Analysis Variables
pT of leading lepton pT (!1)
pT of trailing lepton pT (!2)
Sum of the transverse momenta of the leptons: pT (!1) + pT (!2)
Invariant mass of both leptons Minv(!1, !2)
Minimal transverse mass of one lepton and E/ T Mmin

T

Missing transverse energy E/ T

Azimuthal angle between selected leptons ∆φ(!1, !2)
Solid angle between selected leptons Θφ(!1, !2)
∆R between selected leptons ∆R(!1, !2)
Azimuthal angle between leading lepton and E/ T ∆φ(E/ T , !1)
Azimuthal angle between trailing lepton and E/ T ∆φ(E/ T , !2)
Matrix Element Discriminant MEdisc (not used for eµ)

TABLE V: Input variables for the NN in the ee and eµ channels.

µµ NN Analysis Variables
Scaled E/ T E/ Scaled

T

Invariant mass of the two muons Mµµ

Missing ET E/ T

Sum of the pT’s of all 0.5 cone jets with pT> 6 GeV Hall
T

H → WW vs. WW ME discriminant MEdisc

pT of the µµ system pT (µ1 + µ2)
Smaller of the two muon-E/ T transverse masses Mmin

T

pT of the leading pT muon pT (µ1)
Azimuthal angle between the E/ T and the second-leading pT muon ∆φ(µ2, E/ T )
log10 of the sum of the muon scaled (track+cal) isolations log10(scalediso µ1 + µ2)
Event scalar ET SET

Azimuthal angle between the two muons ∆φ(µ1, µ2)
Worst of the two muon qualities (loose,medium,tight) min(µqual

1 , µqual
2 )

Azimuthal angle between the E/ T and the leading pT muon ∆φ(µ1, E/ T )
pT of the second-leading pT muon pT (µ2)

TABLE VI: Input variables for the NN in the µµ channels.
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FIG. 5: Distribution of the ME discriminant after pre-selection (left) and final selection (right), in the ee channel.

ee / eµ NN Analysis Variables
pT of leading lepton pT (!1)
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Sum of the transverse momenta of the leptons: pT (!1) + pT (!2)
Invariant mass of both leptons Minv(!1, !2)
Minimal transverse mass of one lepton and E/ T Mmin

T

Missing transverse energy E/ T

Azimuthal angle between selected leptons ∆φ(!1, !2)
Solid angle between selected leptons Θφ(!1, !2)
∆R between selected leptons ∆R(!1, !2)
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TABLE V: Input variables for the NN in the ee and eµ channels.

µµ NN Analysis Variables
Scaled E/ T E/ Scaled

T

Invariant mass of the two muons Mµµ

Missing ET E/ T

Sum of the pT’s of all 0.5 cone jets with pT> 6 GeV Hall
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pT of the second-leading pT muon pT (µ2)

TABLE VI: Input variables for the NN in the µµ channels.

8

ME dscr.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

en
tri

es

-110

1

10

210

310

ME dscr.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

en
tri

es

-110

1

10

210

310
data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

ME dscr.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

en
tri

es

-110

1

10

210

310

ME dscr.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

en
tri

es

-110

1

10

210

310
data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

FIG. 5: Distribution of the ME discriminant after pre-selection (left) and final selection (right), in the ee channel.

ee / eµ NN Analysis Variables
pT of leading lepton pT (!1)
pT of trailing lepton pT (!2)
Sum of the transverse momenta of the leptons: pT (!1) + pT (!2)
Invariant mass of both leptons Minv(!1, !2)
Minimal transverse mass of one lepton and E/ T Mmin

T

Missing transverse energy E/ T

Azimuthal angle between selected leptons ∆φ(!1, !2)
Solid angle between selected leptons Θφ(!1, !2)
∆R between selected leptons ∆R(!1, !2)
Azimuthal angle between leading lepton and E/ T ∆φ(E/ T , !1)
Azimuthal angle between trailing lepton and E/ T ∆φ(E/ T , !2)
Matrix Element Discriminant MEdisc (not used for eµ)

TABLE V: Input variables for the NN in the ee and eµ channels.

µµ NN Analysis Variables
Scaled E/ T E/ Scaled

T

Invariant mass of the two muons Mµµ

Missing ET E/ T

Sum of the pT’s of all 0.5 cone jets with pT> 6 GeV Hall
T

H → WW vs. WW ME discriminant MEdisc

pT of the µµ system pT (µ1 + µ2)
Smaller of the two muon-E/ T transverse masses Mmin

T

pT of the leading pT muon pT (µ1)
Azimuthal angle between the E/ T and the second-leading pT muon ∆φ(µ2, E/ T )
log10 of the sum of the muon scaled (track+cal) isolations log10(scalediso µ1 + µ2)
Event scalar ET SET

Azimuthal angle between the two muons ∆φ(µ1, µ2)
Worst of the two muon qualities (loose,medium,tight) min(µqual

1 , µqual
2 )

Azimuthal angle between the E/ T and the leading pT muon ∆φ(µ1, E/ T )
pT of the second-leading pT muon pT (µ2)

TABLE VI: Input variables for the NN in the µµ channels.



Neural Net
6

 [GeV]invM
0 20 40 60 80 100 120 140 160 180 200

en
tri

es

-110

1

10

210

310

410

 [GeV]invM
0 20 40 60 80 100 120 140 160 180 200

en
tri

es

-110

1

10

210

310

410
data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

[GeV]T
missE

0 20 40 60 80 100 120 140 160 180 200

en
tri

es

-110

1

10

210

310

410

[GeV]T
missE

0 20 40 60 80 100 120 140 160 180 200

en
tri

es

-110

1

10

210

310

410

data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

T
miss, scaledE

0 20 40 60 80 100 120 140 160 180 200

en
tri

es

-110

1

10

210

310

410

T
miss, scaledE

0 20 40 60 80 100 120 140 160 180 200

en
tri

es

-110

1

10

210

310

410
data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

 [GeV]T
minM

0 20 40 60 80 100 120

en
tri

es

-110

1

10

210

310

410

 [GeV]T
minM

0 20 40 60 80 100 120

en
tri

es

-110

1

10

210

310

410 data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

 [GeV]
T

 p∑50 100 150 200 250 300

en
tri

es

-110

1

10

210

310

410

 [GeV]
T

 p∑50 100 150 200 250 300

en
tri

es

-110

1

10

210

310

410 data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

 [GeV]TH
0 20 40 60 80 100 120 140 160 180 200

en
tri

es

-110

1

10

210

310

410

510

 [GeV]TH
0 20 40 60 80 100 120 140 160 180 200

en
tri

es

-110

1

10

210

310

410

510 data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

FIG. 1: Distributions at pre-selection of: ee mass (top left), E/ T (top right), E/ Scaled
T (middle left), Mmin

T (middle right),
P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).
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FIG. 1: Distributions at pre-selection of: ee mass (top left), E/ T (top right), E/ Scaled
T (middle left), Mmin

T (middle right),
P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).
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FIG. 1: Distributions at pre-selection of: ee mass (top left), E/ T (top right), E/ Scaled
T (middle left), Mmin

T (middle right),
P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).
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FIG. 2: Distribution of the invariant mass Me±µ∓ (left) and E/ T (right) at pre-selection for the eµ channel.
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FIG. 4: Distribution of ∆φ(e1, e2) after pre-selection (left) and final selection (right), in the ee channel.
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FIG. 1: Distributions at pre-selection of: ee mass (top left), E/ T (top right), E/ Scaled
T (middle left), Mmin

T (middle right),
P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).
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FIG. 6: Distribution of the NN output at pre-selection (left) and after the final selection (right) in the ee channel.
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FIG. 7: Distribution of the NN output at pre-selection (left) and after the final selection (right) in the eµ channel.

VI. RESULTS AND SUMMARY

The estimates for the expected number of background and signal events depend on numerous factors that each
introduce a systematic uncertainty: lepton reconstruction efficiencies (8-13%), trigger efficiencies (5%), jet energy
scale calibration (1%), lepton momentum calibration (11%), PDF uncertainties (< 4%), theoretical cross section
(di-boson 7%, t̄t 16%), and modeling of multijet background (30%). The systematic uncertainty on the luminosity
is mainly a combination of the PDF uncertainty, uncertainty for the NNLO Z cross section (4%) and data/MC
normalization factors (2%). The total uncertainty on the background level is approximately 16% and for the signal
efficiency is 10%. The effects of these uncertainties on the NN output distribution shapes were also studied and
included as additional systematic uncertainties. Further NN output shape uncertainties were included based on the
agreement of NN input variables between data and MC at pre-selection and the difference in WW pT between Pythia
and Sherpa [19].

After all selection cuts, the NN output distributions of data agree within uncertainties with the expected back-
grounds. Thus the NN output distributions are used to set limits on the production cross section times branching
ratio σ × BR(H → WW (∗)). We calculate limits for each channel and all three channels combined, using the CLs
method with a log-likelihood ratio (LLR) test statistic [20]. To minimize the degrading effects of systematics on the
search sensitivity, the individual background contributions are fitted to the data observation by maximizing a profile
likelihood function for each hypothesis [21]. Table VII presents expected and observed upper limits at 95% CL for
σ × BR(H → WW (∗)) relative to that expected in the SM, for each of the three final states, all three combined, the
Run IIa data alone, and these Run IIb analyses combined with Run IIa, for each Higgs boson mass considered.
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FIG. 17: Setup, training and output of the the Neural Net for a Higgs mass of mH = 160 GeV (left). Normalized distributions of the
output of the Neural Net for all other Higgs masses (right).
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FIG. 18: RunIIa: Distribution of the Neural Network output variable for a Higgs mass of mH = 160 GeV at different stages of the event
selection (see Section V): after Sig(E/ T )(top left), MT

min (top right), Mµµ (bottom left) and ΣpT (bottom right).
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FIG. 8: Distribution of the ME discriminant (left) and the NN output (right) after the final selection in the µµ channel. Values
of MEdisc < 0 correspond to events which were found to have very small probability for either signal or WW background.

TABLE VII: Expected and observed upper limits at 95% CL for σ × BR(H → WW (∗)) relative to the SM for e+e−, eµ, and
µ+µ− final states in Run IIb, their combination, the Run IIa combined analyses, and finally Run IIa and Run IIb analyses
combined, for different Higgs boson masses (mH).

mH= 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200

eµ (exp.) 97.91 45.88 33.05 22.37 18.03 14.97 13.56 9.39 7.42 5.45 5.52 6.16 7.22 7.73 10.89 13.01 15.19 16.70
eµ (obs.) 101.00 39.63 30.40 16.08 14.56 14.09 12.15 8.06 6.94 4.52 5.51 5.31 7.43 7.98 10.48 11.76 14.12 14.82

ee (exp.) 171.96 71.16 52.80 30.02 27.67 20.07 15.88 14.16 12.15 7.89 8.59 9.65 11.06 13.44 16.26 20.60 25.56 30.69
ee (obs.) 162.14 87.21 65.79 37.06 39.15 22.06 15.78 17.40 11.73 11.35 11.29 12.85 15.75 15.69 19.03 23.26 21.98 30.32

µµ (exp.) 61.39 33.15 21.64 17.25 13.96 13.20 10.28 10.33 8.55 7.52 7.09 7.97 9.38 9.87 12.77 16.00 18.64 23.38
µµ (obs.) 72.38 44.28 33.59 20.65 13.40 11.44 9.05 10.74 7.70 7.86 5.43 6.94 7.22 9.74 9.56 11.86 19.00 23.27

All (exp.) 48.08 23.53 18.33 12.65 11.00 8.76 7.70 6.36 4.99 3.54 3.46 4.32 4.75 5.40 7.10 9.18 10.51 13.52
All (obs.) 72.37 44.3 30.26 15.96 13.49 12.28 8.01 6.85 4.51 3.53 4.20 3.88 5.75 5.80 6.38 7.64 8.37 11.97

Run IIa (exp.) 25.73 17.31 12.37 9.77 8.47 6.47 5.23 4.27 3.40 3.77 4.15 4.66 5.15 6.27 7.51 9.34 10.65
Run IIa (obs.) 49.62 29.60 21.78 16.10 11.66 6.92 5.17 4.63 2.97 3.46 4.18 4.23 5.40 5.31 5.46 11.88 8.19

Run II (exp.) 48.08 16.85 12.75 8.82 7.46 6.01 4.98 4.08 3.17 2.39 2.42 2.90 3.22 3.63 4.64 5.78 6.90 8.68
Run II (obs.) 72.37 40.77 26.10 15.66 12.29 9.88 5.47 4.31 3.21 2.12 2.65 2.59 3.51 3.93 3.84 4.21 7.07 6.54

Figure 9 shows the expected and observed limits for σ × BR(H → WW (∗)) relative to the SM for the different
Higgs boson masses and the LLR distribution for the 1.2 fb−1 of Run IIb data. Figure 10 shows the same, but after
combining with the Run IIa analyses, thus for the full Run II dataset of 2.3 fb−1. So far, no region of the SM Higgs
mass range can be excluded, and no significant excess is observed.

[1] R. Barate et al., Phys. Lett. B 565, 61 (2003).
[2] The LEP Electroweak Working Group, Precision Electroweak Measurements and Constraints on the Standard Model,

arXiv:0712.0929 [hep-ex].
[3] T. Han, A. Turcot, R-J. Zhang, Phys. Rev. D 59, 093001 (1999).
[4] M. Carena et al. [Higgs Working Group Collaboration], “Report of the Tevatron Higgs working group”, hep-ph/0010338.
[5] K. Jakobs, W. Walkowiak, ATLAS Physics Note, ATL-PHYS-2000-019.
[6] J. Elmsheuser, M. Hohlfeld, Phys. Rev. Lett. 96, 011801 (2006).

NN Output

Improved NN

02/03/2008 L. Ž. High Mass Higgs at Tevatron 7

Multivariate techniquesMultivariate techniques
! In order to better separate signal from backgrounds we use different 

multivariate techniques: CDF combines Leading Order (LO) Matrix 
Elements and Neural Networks (NN), DØ uses Neural Networks

! LO Matrix Elements are used to calculate event probabilities

and calculate likelihood ratio:
! Neural network:

" CDF uses ME and kinematic variables as inputs
" DØ uses kinematic variables as inputs

! Single output from NN is used as discriminant variable

02/03/2008 L. Ž. High Mass Higgs at Tevatron 7

Multivariate techniquesMultivariate techniques
! In order to better separate signal from backgrounds we use different 

multivariate techniques: CDF combines Leading Order (LO) Matrix 
Elements and Neural Networks (NN), DØ uses Neural Networks

! LO Matrix Elements are used to calculate event probabilities

and calculate likelihood ratio:
! Neural network:

" CDF uses ME and kinematic variables as inputs
" DØ uses kinematic variables as inputs

! Single output from NN is used as discriminant variable

8

ME dscr.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

en
tri

es

-110

1

10

210

310

ME dscr.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

en
tri

es

-110

1

10

210

310
data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

ME dscr.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

en
tri

es

-110

1

10

210

310

ME dscr.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

en
tri

es

-110

1

10

210

310
data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

FIG. 5: Distribution of the ME discriminant after pre-selection (left) and final selection (right), in the ee channel.

ee / eµ NN Analysis Variables
pT of leading lepton pT (!1)
pT of trailing lepton pT (!2)
Sum of the transverse momenta of the leptons: pT (!1) + pT (!2)
Invariant mass of both leptons Minv(!1, !2)
Minimal transverse mass of one lepton and E/ T Mmin

T

Missing transverse energy E/ T

Azimuthal angle between selected leptons ∆φ(!1, !2)
Solid angle between selected leptons Θφ(!1, !2)
∆R between selected leptons ∆R(!1, !2)
Azimuthal angle between leading lepton and E/ T ∆φ(E/ T , !1)
Azimuthal angle between trailing lepton and E/ T ∆φ(E/ T , !2)
Matrix Element Discriminant MEdisc (not used for eµ)

TABLE V: Input variables for the NN in the ee and eµ channels.

µµ NN Analysis Variables
Scaled E/ T E/ Scaled

T

Invariant mass of the two muons Mµµ

Missing ET E/ T

Sum of the pT’s of all 0.5 cone jets with pT> 6 GeV Hall
T

H → WW vs. WW ME discriminant MEdisc

pT of the µµ system pT (µ1 + µ2)
Smaller of the two muon-E/ T transverse masses Mmin

T

pT of the leading pT muon pT (µ1)
Azimuthal angle between the E/ T and the second-leading pT muon ∆φ(µ2, E/ T )
log10 of the sum of the muon scaled (track+cal) isolations log10(scalediso µ1 + µ2)
Event scalar ET SET

Azimuthal angle between the two muons ∆φ(µ1, µ2)
Worst of the two muon qualities (loose,medium,tight) min(µqual

1 , µqual
2 )

Azimuthal angle between the E/ T and the leading pT muon ∆φ(µ1, E/ T )
pT of the second-leading pT muon pT (µ2)

TABLE VI: Input variables for the NN in the µµ channels.

ME discr.

Matrix Element

Additional 
input       
to NN
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FIG. 3: Final variable distributions for selected Higgs search analyses. The figure contains distributions for: the NN discriminant
for the Run IIa H → W +W−→ eν, eν analysis (a), the NN discriminant for the Run IIa H → W +W−→ eν, µν analysis
(b), the NN discriminant for the Run IIb H → W +W−→ eν, eν analysis (b), and the NN discriminant for the Run IIb
H → W +W−→ eν, µν analysis (d). For each figure, the total signal and background expectations and the observed data are
shown.

III. DERIVED UPPER LIMITS

We derive limits on SM Higgs boson production σ × BR(H → bb̄/W+W−) via 25 individual analyses [4–10]. The
limits are derived at a 95% C.L. To facilitate model transparency and to accommodate analyses with different degrees
of sensitivity, we present our results in terms of the ratio of 95% C.L. upper cross section limits to the SM predicted
cross section as a function of Higgs boson mass. The SM prediction for Higgs boson production would therefore be
considered excluded at 95% C.L. when this limit ratio falls below unity. For the combined limit, the WH → "/νbb̄ and
ZH → νν̄bb̄ signals are summed and their common background only enters the calculation once.

The individual analyses described above are grouped to evaluate combined limits over the range 105 ≤ mH ≤
200 GeV/c2. The WH → "νbb̄ and ZH → νν̄bb̄ analyses contribute to the region mH ≤ 145 GeV/c2, the ZH → ""bb̄
analyses contribution for mH ≤ 155 GeV/c2, the Run IIa H → W+W−and WH → WW+W−analyses contribute for
mH ≥ 120 GeV/c2, the Run IIb H → W+W−analyses contribute for mH ≥ 115 GeV/c2, and the H → γγ analyses
contribute for mH ≤ 150 GeV/c2.

Figure 5 shows the expected and observed 95% C.L. cross section limit ratio to the SM cross sections for all analyses
combined over the probed mass region (105 ≤ mH ≤ 200 GeV/c2). The LLR distributions for the full combination
are shown in Fig. 6. Included in these figures are the median LLR values for the signal-plus-background hypothesis
(LLRs+b), background-only hypothesis (LLRb), and the observed data (LLRobs). The shaded bands represent the 1
and 2 standard deviation (σ) departures for LLRb. These distributions can be interpreted as follows:

• The separation between LLRb and LLRs+b provides a measure of the discriminating power of the search. This
is the ability of the analysis to separate the s + b and b−only hypotheses.
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FIG. 3: Final variable distributions for selected Higgs search analyses. The figure contains distributions for: the NN discriminant
for the Run IIa H → W +W−→ eν, eν analysis (a), the NN discriminant for the Run IIa H → W +W−→ eν, µν analysis
(b), the NN discriminant for the Run IIb H → W +W−→ eν, eν analysis (b), and the NN discriminant for the Run IIb
H → W +W−→ eν, µν analysis (d). For each figure, the total signal and background expectations and the observed data are
shown.
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FIG. 3: Final variable distributions for selected Higgs search analyses. The figure contains distributions for: the NN discriminant
for the Run IIa H → W +W−→ eν, eν analysis (a), the NN discriminant for the Run IIa H → W +W−→ eν, µν analysis
(b), the NN discriminant for the Run IIb H → W +W−→ eν, eν analysis (b), and the NN discriminant for the Run IIb
H → W +W−→ eν, µν analysis (d). For each figure, the total signal and background expectations and the observed data are
shown.
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FIG. 3: Final variable distributions for selected Higgs search analyses. The figure contains distributions for: the NN discriminant
for the Run IIa H → W +W−→ eν, eν analysis (a), the NN discriminant for the Run IIa H → W +W−→ eν, µν analysis
(b), the NN discriminant for the Run IIb H → W +W−→ eν, eν analysis (b), and the NN discriminant for the Run IIb
H → W +W−→ eν, µν analysis (d). For each figure, the total signal and background expectations and the observed data are
shown.
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limits are derived at a 95% C.L. To facilitate model transparency and to accommodate analyses with different degrees
of sensitivity, we present our results in terms of the ratio of 95% C.L. upper cross section limits to the SM predicted
cross section as a function of Higgs boson mass. The SM prediction for Higgs boson production would therefore be
considered excluded at 95% C.L. when this limit ratio falls below unity. For the combined limit, the WH → "/νbb̄ and
ZH → νν̄bb̄ signals are summed and their common background only enters the calculation once.

The individual analyses described above are grouped to evaluate combined limits over the range 105 ≤ mH ≤
200 GeV/c2. The WH → "νbb̄ and ZH → νν̄bb̄ analyses contribute to the region mH ≤ 145 GeV/c2, the ZH → ""bb̄
analyses contribution for mH ≤ 155 GeV/c2, the Run IIa H → W+W−and WH → WW+W−analyses contribute for
mH ≥ 120 GeV/c2, the Run IIb H → W+W−analyses contribute for mH ≥ 115 GeV/c2, and the H → γγ analyses
contribute for mH ≤ 150 GeV/c2.

Figure 5 shows the expected and observed 95% C.L. cross section limit ratio to the SM cross sections for all analyses
combined over the probed mass region (105 ≤ mH ≤ 200 GeV/c2). The LLR distributions for the full combination
are shown in Fig. 6. Included in these figures are the median LLR values for the signal-plus-background hypothesis
(LLRs+b), background-only hypothesis (LLRb), and the observed data (LLRobs). The shaded bands represent the 1
and 2 standard deviation (σ) departures for LLRb. These distributions can be interpreted as follows:

• The separation between LLRb and LLRs+b provides a measure of the discriminating power of the search. This
is the ability of the analysis to separate the s + b and b−only hypotheses.
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FIG. 4: Final variable distributions for selected Higgs search analyses. The figure contains distributions for: the NN discriminant
for the Run IIa H → W +W−→ µν, µν analysis (a), the NN discriminant for the Run IIb H → W +W−→ µν, µν analysis (b), a
one-dimensional projection of the two-dimensional likelihood for the Run IIa WH → WW +W− analyses (c), and the diphoton
invariant mass for the Run IIb H → γγ analysis (d). For each figure, the total signal and background expectations and the
observed data are shown.

• The width of the LLRb distribution (shown here as one and two standard deviation (σ) bands) provides an
estimate of how sensitive the analysis is to a signal-like fluctuation in data, taking account of the presence
of systematic uncertainties. For example, when a 1σ background fluctuation is large compared to the signal
expectation, the analysis sensitivity is thereby limited.

• The value of LLRobs relative to LLRs+b and LLRb indicates whether the data distribution appears to be more
signal-like or background-like. As noted above, the significance of any departures of LLRobs from LLRb can be
evaluated by the width of the LLRb distribution.

IV. CONCLUSIONS

We have presented limits on standard model Higgs boson production derived from 25 Higgs search analyses. We
have combined these analyses and form new limits more sensitive than each individual limit. The observed (expected)
95% C.L. limit ratios to the SM Higgs boson production cross sections are 6.4 (5.5) at mH = 115 GeV/c2 and 2.2 (2.4)
at mH = 160 GeV/c2.
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(b), the NN discriminant for the Run IIb H → W +W−→ eν, eν analysis (b), and the NN discriminant for the Run IIb
H → W +W−→ eν, µν analysis (d). For each figure, the total signal and background expectations and the observed data are
shown.

III. DERIVED UPPER LIMITS

We derive limits on SM Higgs boson production σ × BR(H → bb̄/W+W−) via 25 individual analyses [4–10]. The
limits are derived at a 95% C.L. To facilitate model transparency and to accommodate analyses with different degrees
of sensitivity, we present our results in terms of the ratio of 95% C.L. upper cross section limits to the SM predicted
cross section as a function of Higgs boson mass. The SM prediction for Higgs boson production would therefore be
considered excluded at 95% C.L. when this limit ratio falls below unity. For the combined limit, the WH → "/νbb̄ and
ZH → νν̄bb̄ signals are summed and their common background only enters the calculation once.

The individual analyses described above are grouped to evaluate combined limits over the range 105 ≤ mH ≤
200 GeV/c2. The WH → "νbb̄ and ZH → νν̄bb̄ analyses contribute to the region mH ≤ 145 GeV/c2, the ZH → ""bb̄
analyses contribution for mH ≤ 155 GeV/c2, the Run IIa H → W+W−and WH → WW+W−analyses contribute for
mH ≥ 120 GeV/c2, the Run IIb H → W+W−analyses contribute for mH ≥ 115 GeV/c2, and the H → γγ analyses
contribute for mH ≤ 150 GeV/c2.

Figure 5 shows the expected and observed 95% C.L. cross section limit ratio to the SM cross sections for all analyses
combined over the probed mass region (105 ≤ mH ≤ 200 GeV/c2). The LLR distributions for the full combination
are shown in Fig. 6. Included in these figures are the median LLR values for the signal-plus-background hypothesis
(LLRs+b), background-only hypothesis (LLRb), and the observed data (LLRobs). The shaded bands represent the 1
and 2 standard deviation (σ) departures for LLRb. These distributions can be interpreted as follows:

• The separation between LLRb and LLRs+b provides a measure of the discriminating power of the search. This
is the ability of the analysis to separate the s + b and b−only hypotheses.
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Getting a Result
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Figure 1. Left: The pdfs of the combined Higgs search at LEP for the background (right) and
signal + background hypotheses (left) for mH = 115.6 GeV/c2. The light grey region to the left
of the observation is 1 − CLb and the dark grey region to the right of the observation is CLs+b .
Right: Illustration of the evolution of the pdfs with falling search sensitivity from (a) to (c) as the
Higgs mass hypothesis is increased and the production cross-section falls.

a δ-function at e−b for zero candidates and 1) and if one performs repeated experiments with
signal + background the distribution of CLs+b obtained will be uniform (between e−(s+b) for
zero candidates and 1). It may be helpful to recall that the chi-squared probability distribution,
when least-squares fitting a large ensemble of distributions with the correct hypothesis, is
expected to be uniform between 0 and 1.

2.1. Origins of CLs

The original motivation for CLs was to identify a generalization of Zech’s frequentist-
motivated derivation [4] of upper limits for counting experiments in the presence of
background that corresponded to the Bayesian result with a uniform prior probability [5].
The generalization was needed to treat results of Higgs searches where it was clear that the
reconstructed mass and later other properties of the Higgs candidates could be used to improve
the sensitivity of the searches, especially with respect to setting bounds on the Higgs mass
itself. Several proposals were made [6, 7] for a confidence level which had these properties but
these methods additionally made the very conservative approximation that all the candidates
should be considered as signal and thus were useless for making a discovery, i.e. there
was no counterpart of 1 − CLb. These confidences, together with Zech’s results for counting
experiments, were clearly prototypes of CLs . Zech computed the expected fraction of signal +
background experiments with counts ns+b less than the number of observed counts no but only
for those experiments with the contribution from the background nb less than or equal to the
observed counts, i.e. P(ns+b ! no|nb ! no). It is straightforward to show that this expression
can be rewritten as the ratio of two probabilities or confidences P(ns+b ! no)/P (nb ! no).
Substituting the likelihood ratio for counts to obtain an optimal ranking of more complicated
experiments and assigning names CLs+b and CLb to the two probabilities and CLs to the ratio
completes the generalization.
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motivated derivation [4] of upper limits for counting experiments in the presence of
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The generalization was needed to treat results of Higgs searches where it was clear that the
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the sensitivity of the searches, especially with respect to setting bounds on the Higgs mass
itself. Several proposals were made [6, 7] for a confidence level which had these properties but
these methods additionally made the very conservative approximation that all the candidates
should be considered as signal and thus were useless for making a discovery, i.e. there
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The original motivation for CLs was to identify a generalization of Zech’s frequentist-
motivated derivation [4] of upper limits for counting experiments in the presence of
background that corresponded to the Bayesian result with a uniform prior probability [5].
The generalization was needed to treat results of Higgs searches where it was clear that the
reconstructed mass and later other properties of the Higgs candidates could be used to improve
the sensitivity of the searches, especially with respect to setting bounds on the Higgs mass
itself. Several proposals were made [6, 7] for a confidence level which had these properties but
these methods additionally made the very conservative approximation that all the candidates
should be considered as signal and thus were useless for making a discovery, i.e. there
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FIG. 9: Excluded cross section times branching ratio σ × BR(H → WW (∗)) at 95% CL in units of the SM cross section (left)
and LLR (right) for all three channels combined, using 1.2 fb−1 of Run IIb data.
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CDF – event yields CDF – event yields 

! All five channels are combined leading to 626 expected 
events from known SM processes and 661 observed  
events 

! 9.5 signal events are expected for Higgs mass of 160 GeV

signal

ee     eµ     µµ    etrk    µtrk

signal 

18/30 Aidan Robson                  Glasgow University

Increased acceptance by

adding plug calorimeter

(no tracking) and tracks

pointing to cracks

Lepton coverage

electrons muons

02/03/2008 L. Ž. High Mass Higgs at Tevatron 10

CDF – final discriminantCDF – final discriminant
! ME calculated from lepton 4-vectors and missing transverse energy is 

used as an input to NN together with several kinematic distributions

signalNN output signal 

02/03/2008 L. Ž. High Mass Higgs at Tevatron 11

CDF - resultsCDF - results

Binned maximum likelihood fit of NN
discriminant used to determine limit

σ!BR < 0.8 pb @ 95% CL  
for mH=160 GeV

Observed Limit/σSM (NNLL) ~ 1.6
Expected Limit/σSM (NNLL) ~ 2.4  

" Various sources of systematic uncertainties affect the 
background estimation and the signal efficiency:
# Theoretical uncertainty of background production cross sections 

(10-15%), lepton id (2%), trigger efficiency (~5%)

obs: 1.6

exp: 2.4



Low Mass Higgs Channels
ZH → l+l- bb

2 b jets  ~ 1/2 MH each
2 leptons  ~ 45 GeV each

Z mass constraint
Cleanest signal

WH → lνbb

2 b jets  ~ 1/2 MH each
1 lepton  ~ 50 GeV each

Missing ET ~ 50 GeV
Highest production X-sec

ZH → νν bb

2 b jets  ~  1/2 MH each
0 leptons

Missing ET ~ 100 GeV
Largest expected signal
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Figure 39: Performance profile of NN and JLIP taggers on the BID and COMB skim. The top plot
is for all jets and the bottom plot for jets with η < 0.8 and pT > 30 GeV. The error on the plots
represents the total uncertainty, statistical and systematic, on the performance measurements. The
NN tagger demonstrates large performance gains over the JLIP tagger, with increases in efficiency
of up to 50% for a fixed fake rate. Fake rates are typically reduced to between a quarter and a third
of their value for a fixed signal efficiency.
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!"The Tools

- for all masses: 

  lepton identification

- at low masses:

  Neural Net b tagging

  di-jet mass resolution

 di-jet mass distribution for 

 b tagged jets

DØ

Z ! bb



WH → lνbb 9

 of Lepton (GeV)TP

0 20 40 60 80 100 120 140 160 180

E
v
e
n

ts

0

1000

2000

3000

4000

 of Lepton (GeV)TP

0 20 40 60 80 100 120 140 160 180

E
v
e
n

ts

0

1000

2000

3000

4000

DØ Preliminary

-1L = 1.7 fb W + 2 jets

Data 

W + jets 

QCD 

SM bkgd

 of Lepton (GeV)TP

0 20 40 60 80 100 120 140 160 180

E
v
e
n

ts

0

1000

2000

3000

4000

W Transverse Mass  (GeV)

0 20 40 60 80 100 120 140

E
v
e
n

ts

0

1000

2000

3000

W Transverse Mass  (GeV)

0 20 40 60 80 100 120 140

E
v
e
n

ts

0

1000

2000

3000

DØ Preliminary

-1L = 1.7 fb W + 2 jets

Data 

W + jets 

QCD 

SM bkgd

W Transverse Mass  (GeV)

0 20 40 60 80 100 120 140

E
v
e
n

ts

0

1000

2000

3000

  (GeV)TH

0 50 100 150 200 250 300 350 400

E
v
e
n

ts

0

5000

10000

15000

  (GeV)TH

0 50 100 150 200 250 300 350 400

E
v
e
n

ts

0

5000

10000

15000
DØ Preliminary

-1L = 1.7 fb W + 2 jets

Data 

W + jets 

QCD 

SM bkgd

  (GeV)TH

0 50 100 150 200 250 300 350 400

E
v
e
n

ts

0

5000

10000

15000

  (GeV)
T

Missing E

0 10 20 30 40 50 60 70 80 90 100

E
v
e
n

ts

0

1000

2000

3000

4000

  (GeV)
T

Missing E

0 10 20 30 40 50 60 70 80 90 100

E
v
e
n

ts

0

1000

2000

3000

4000
DØ Preliminary

-1L = 1.7 fb W + 2 jets

Data 

W + jets 

QCD 

SM bkgd

  (GeV)
T

Missing E

0 10 20 30 40 50 60 70 80 90 100

E
v
e
n

ts

0

1000

2000

3000

4000

(a)

(c)

(b)

(d)

FIG. 1: Distributions of the lepton momentum (a), the transverse W mass (b), the HT variable (c) and missing transverse
energy (d) compared to the simulated expectation in the W + 2 jet event sample. The simulation is normalized to the integrated
luminosity of the data sample using the expected cross sections (absolute normalization) except for the W+ jets sample which
is normalized on the ”untagged sample” to the data, taking into account all the other backgrounds.
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Figure 39: Performance profile of NN and JLIP taggers on the BID and COMB skim. The top plot
is for all jets and the bottom plot for jets with η < 0.8 and pT > 30 GeV. The error on the plots
represents the total uncertainty, statistical and systematic, on the performance measurements. The
NN tagger demonstrates large performance gains over the JLIP tagger, with increases in efficiency
of up to 50% for a fixed fake rate. Fake rates are typically reduced to between a quarter and a third
of their value for a fixed signal efficiency.
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4 different analyses:
• Double b-tag (S/B ~ 2.3/204)
• Single b-tag (S/B ~ 4/1400)
• W → eν
• W → μν 



WH → lνbb̅: Neural Net

pT 2nd jet
Δϕ jets
pT di-jet
pT (l,ETmiss)
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FIG. 3: (a,b): Distributions for the W + 2 jet events having at least two jets b-tagged: a) b-tagged jets momentum; b) ∆R
between the two leading b-jets. c) (d) Dijet invariant mass in W + 2 jet events having exactly one (two) jet b-tagged; The data
are compared to the different simulated processes. The simulation is normalized to the integrated luminosity of the data sample
using the expected cross sections (absolute normalization) except for the W+ jets sample which is normalized on the ”untagged
sample” to the data, taking into account all the other backgrounds. Also shown is the contribution expected for standard model
WH production with mH = 115 GeV, multiplied by a factor 10.
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FIG. 3: (a,b): Distributions for the W + 2 jet events having at least two jets b-tagged: a) b-tagged jets momentum; b) ∆R
between the two leading b-jets. c) (d) Dijet invariant mass in W + 2 jet events having exactly one (two) jet b-tagged; The data
are compared to the different simulated processes. The simulation is normalized to the integrated luminosity of the data sample
using the expected cross sections (absolute normalization) except for the W+ jets sample which is normalized on the ”untagged
sample” to the data, taking into account all the other backgrounds. Also shown is the contribution expected for standard model
WH production with mH = 115 GeV, multiplied by a factor 10.
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FIG. 3: (a,b): Distributions for the W + 2 jet events having at least two jets b-tagged: a) b-tagged jets momentum; b) ∆R
between the two leading b-jets. c) (d) Dijet invariant mass in W + 2 jet events having exactly one (two) jet b-tagged; The data
are compared to the different simulated processes. The simulation is normalized to the integrated luminosity of the data sample
using the expected cross sections (absolute normalization) except for the W+ jets sample which is normalized on the ”untagged
sample” to the data, taking into account all the other backgrounds. Also shown is the contribution expected for standard model
WH production with mH = 115 GeV, multiplied by a factor 10.
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FIG. 4: Distributions of the neural network output compared with the simulated expectation: a) before b-tagging; b) in the
exclusive single b-tag sample; c) in the double b−tag sample ; d) same as c) with y logarithmic scale. The simulation is
normalized to the integrated luminosity of the data sample using the expected cross sections (absolute normalization) except for
the W+ jets sample which is normalized on the ”pre-tag sample” to the data, taking into account all the other backgrounds.
The WH expected contribution is peaking at high values of the NN output as shown in d).
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Combining WH Results

single b-tag

double b-tag
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FIG. 5: a) (b) dijet invariant mass in W + 2(3) jet events when exactly one jet is b-tagged. c) (d) same distributions when
at least 2 jets are b-tagged. The simulated processes are normalized to the integrated luminosity of the data sample using the
expected cross sections (absolute normalization) except for the W+ jets sample which is normalized on the ”untagged sample”
to the data, taking into account all the other backgrounds. The backgrounds labelled as “other” in the figure are dominated
by single-top production. Also shown is the contribution expected for standard model WH production with mH = 115 GeV,
multiplied by a factor 10.
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Table 15: Variables used as input to the Decision Tree

8.1.2 Boosting

A very powerful technique to improve the performance of any weak classifier (anything
that does better than random guessing) was introduced a decade ago: boosting. We
use the same boosting algorithm as the single top quark search called adaptive boosting,
known in the literature as AdaBoost [27].

The basic principle of boosted decision trees is to train a tree Tn, check which events
are misclassified by Tn, increase the weight of misclassified events and train a tree Tn+1

on the re-weighted sample. The weight of tree Tn is calculated according to

αn = β × ln
1 − εn

εn
(2)

where β is the boost parameter and εn is the sum of weights of the misclassified events.
The weight of each misclassified event is increased by the factor eαn before training the
tree Tn+1. This makes Tn+1 work harder on difficult events to classify them properly. This
is repeated N times, where N is the number of boosting cycles. The final boosted decision
tree output for event i is the weighed average of the different tree outputs:

D(xi) =
1

∑N
n=0 αn

N∑

n=0

αnDn(xi). (3)

8.1.3 Variables and samples used

We use the variables listed in Table 15 after all selection cuts, and after requiring one
L3 and one VERYTIGHT b-tag. The single top analysis showed [24] that decision trees
are relatively insensitive to extra variables: unlike neural networks, adding well-modeled
variables that are not very powerful do not degrade the performance of the decision tree.
Initially, the variables are weighted according to their cross-section*luminosity. For the
training sample, the weights are scaled such that

∑
wsignal =

∑
wbackground = 0.5, which

is done internally to the classifier package.
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Figure 57: A schematic example of a Decision Tree. Nodes are shown in blue, with their associated
splitting test; terminal nodes (leaves) are in green.

8 Decision Trees

8.1 Introduction

Decision trees are a machine learning technique [22] not (yet) commonly used in high
energy physics. In DØ, the technique was pioneered by the single top analysis [23,24]. The
goal is to extend a simple cut-based analysis into a multivariate technique by continuing
to analyze events that fail a particular criterion. The following description is largely based
on [25].

8.1.1 Tree construction

Mathematically, decision trees are rooted binary trees. An example is shown in Figure 57.
Consider a training sample made of known signal and background events: they form the
root node of the tree. Given a list of variables xi, all events are sorted in turn according to
each variable. For each xi the splitting value that gives the best separation of the events
into two child nodes – one with mostly signal events, the other with mostly background
events – is found. The variable and split value giving the best separation are selected
and two new nodes are created, one corresponding to events satisfying the split criterion
(labeled P for passed in Figure 57), the other containing events that failed it (labeled F).
The algorithm is then applied recursively to the two child nodes. The splitting stops if
the number of available events falls below 100 or no splitting is found which improves the
separation of signal and background. In this case the node is called a leaf. The training
continues until every node is a leaf. Each leaf is assigned the purity value p = s/(s + b),
where s (b) is the weighted sum of signal (background) events in the leaf. A leaf is labeled
signal if the purity is larger than 0.5, background otherwise. The Gini factor is used as
the splitting criterion (see [24,26] for more details).
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FIG. 5: The NN output distributions for non-b-tagged (a), 1T (b), and 2L (c) channels, for a Higgs mass of 115 GeV.
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FIG. 6: The 95% confidence level upper limits on the ZH cross sections (a), the ratios to the SM cross section (b), and
log-likelihood ratios (c).
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TABLE I: The number of data, background, and expected SM signal events (and systematic uncertainty) after 0, 1 tight (but
not ≥2 loose), and ≥2 loose b-tagged jets are required, in the dielectron and dimuon channels.

Sample dielectron channel dimuon channel

Before b-tagging 1T 2L Before b-tagging 1T 2L

Data 2985 73 24 4669 87 53

Total Bgnd. 2961±533 57.4±21 27.9±7.8 4671±841 101.4±38 45.7±12.8

ZH 115 GeV 0.76±0.034 0.23±0.012 0.23±0.019 0.69±0.031 0.31±0.17 0.30±0.025

QCD 89.4±44.7 1.73±0.87 0.74±0.37 47.3±23.7 0.25±0.13 0.88±0.44

Z + (udscg) 2451±490 (udsg) 7.17±1.4 (udsg) 5.12±1.0 (udsg) 4400±880 46.0±9.2 19.2±3.8

252±50 (c) 14.1±2.8 (c) 5.53±1.1 (c)

Z + 2b 120±26 29.6±9.5 12.0±3.8 168±37 47.6±15.2 18.5±5.9

tt̄ 9.6±0.86 2.8±0.28 3.1±0.37 10.6±0.96 4.8±0.48 5.3±0.64

WZ 20.3±1.8 0.60±0.07 0.17±0.02 24.2±2.2 0.82±0.09 0.24±0.03

ZZ 18.0±1.4 1.40±1.3 1.17±0.13 21.4±1.7 1.95±0.18 1.48±0.16
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FIG. 1: The leading-pT di-jet invariant mass distributions for non-b-tagged (a), 1T (b), and 2L (c) channels, for a Higgs mass
of 115 GeV.

IV. SIMULATION

Using the CTEQ6L1 [4] leading-order parton distribution functions, the following physics processes are simulated to
estimate the signal acceptance and the number of background events: Z(→ l+l−)H(→ bb̄) by pythia [6], Z(→ l+l−)jj
including Z(→ l+l−)cc by alpgen [7], Z(→ l+l−)bb by alpgen, tt̄ → l+νbl−ν̄b̄ and tt̄ → bbjjlν by alpgen, inclusive
ZZ and WZ by pythia. The samples generated by alpgen are interfaced with pythia for parton showering
and hadronization. All the samples were run through the full GEANT based detector simulation, digitization, and
reconstruction. The signal cross sections, as well as those for tt̄, WZ, and ZZ are taken from MCFM [5], which is
NLO. For the alpgen samples, a matching procedure (MLM) was used so as to not double count the radiation of
additional jets between alpgen and pythia. In addition, NLO k-factors of 1.23 and 1.35 were applied to the Z+light
and Z+bb̄ samples, respectively, to account for the NLO cross sections of these process (as calculated with MCFM)
as compared to the LO cross sections from alpgen. All simulated samples are scaled, prior to b-tagging to agree
with the number of observed data event under the Z mass peak. Also, since the Z pT distribution is poorly modeled
in Z + light jet simulation, the Z + light jet simulated samples are re-weighted to the Z pT observed in data before
b-tagging. The shape of the QCD background, where jets create the reconstructed leptons, is obtained from data
where the QCD contribution is enhanced by inverting the lepton quality requirements. The QCD contribution is then
normalized by fitting the dilepton invariant mass by a Breit-Wigner function convoluted with a Gaussian for the Z
peak, and an exponential shape for QCD and Drell-Yan processes. The fraction of Drell-Yan events is determined
from the simulation.

The total amount of data, various backgrounds, and expected signal are shown in Table I after 0, 1, and at least
2 b-tagged jets are required, in the dielectron and dimuon channels. Figure 1 shows the invariant mass of the two
leading-pT jets, in the non-b-tagged, 1T, and 2L channels, for the combined dielectron and dimuon samples.
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TABLE I: The number of data, background, and expected SM signal events (and systematic uncertainty) after 0, 1 tight (but
not ≥2 loose), and ≥2 loose b-tagged jets are required, in the dielectron and dimuon channels.

Sample dielectron channel dimuon channel

Before b-tagging 1T 2L Before b-tagging 1T 2L

Data 2985 73 24 4669 87 53

Total Bgnd. 2961±533 57.4±21 27.9±7.8 4671±841 101.4±38 45.7±12.8

ZH 115 GeV 0.76±0.034 0.23±0.012 0.23±0.019 0.69±0.031 0.31±0.17 0.30±0.025

QCD 89.4±44.7 1.73±0.87 0.74±0.37 47.3±23.7 0.25±0.13 0.88±0.44

Z + (udscg) 2451±490 (udsg) 7.17±1.4 (udsg) 5.12±1.0 (udsg) 4400±880 46.0±9.2 19.2±3.8

252±50 (c) 14.1±2.8 (c) 5.53±1.1 (c)

Z + 2b 120±26 29.6±9.5 12.0±3.8 168±37 47.6±15.2 18.5±5.9

tt̄ 9.6±0.86 2.8±0.28 3.1±0.37 10.6±0.96 4.8±0.48 5.3±0.64

WZ 20.3±1.8 0.60±0.07 0.17±0.02 24.2±2.2 0.82±0.09 0.24±0.03

ZZ 18.0±1.4 1.40±1.3 1.17±0.13 21.4±1.7 1.95±0.18 1.48±0.16
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FIG. 1: The leading-pT di-jet invariant mass distributions for non-b-tagged (a), 1T (b), and 2L (c) channels, for a Higgs mass
of 115 GeV.

IV. SIMULATION

Using the CTEQ6L1 [4] leading-order parton distribution functions, the following physics processes are simulated to
estimate the signal acceptance and the number of background events: Z(→ l+l−)H(→ bb̄) by pythia [6], Z(→ l+l−)jj
including Z(→ l+l−)cc by alpgen [7], Z(→ l+l−)bb by alpgen, tt̄ → l+νbl−ν̄b̄ and tt̄ → bbjjlν by alpgen, inclusive
ZZ and WZ by pythia. The samples generated by alpgen are interfaced with pythia for parton showering
and hadronization. All the samples were run through the full GEANT based detector simulation, digitization, and
reconstruction. The signal cross sections, as well as those for tt̄, WZ, and ZZ are taken from MCFM [5], which is
NLO. For the alpgen samples, a matching procedure (MLM) was used so as to not double count the radiation of
additional jets between alpgen and pythia. In addition, NLO k-factors of 1.23 and 1.35 were applied to the Z+light
and Z+bb̄ samples, respectively, to account for the NLO cross sections of these process (as calculated with MCFM)
as compared to the LO cross sections from alpgen. All simulated samples are scaled, prior to b-tagging to agree
with the number of observed data event under the Z mass peak. Also, since the Z pT distribution is poorly modeled
in Z + light jet simulation, the Z + light jet simulated samples are re-weighted to the Z pT observed in data before
b-tagging. The shape of the QCD background, where jets create the reconstructed leptons, is obtained from data
where the QCD contribution is enhanced by inverting the lepton quality requirements. The QCD contribution is then
normalized by fitting the dilepton invariant mass by a Breit-Wigner function convoluted with a Gaussian for the Z
peak, and an exponential shape for QCD and Drell-Yan processes. The fraction of Drell-Yan events is determined
from the simulation.

The total amount of data, various backgrounds, and expected signal are shown in Table I after 0, 1, and at least
2 b-tagged jets are required, in the dielectron and dimuon channels. Figure 1 shows the invariant mass of the two
leading-pT jets, in the non-b-tagged, 1T, and 2L channels, for the combined dielectron and dimuon samples.
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FIG. 5: The NN output distributions for non-b-tagged (a), 1T (b), and 2L (c) channels, for a Higgs mass of 115 GeV.
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FIG. 6: The 95% confidence level upper limits on the ZH cross sections (a), the ratios to the SM cross section (b), and
log-likelihood ratios (c).
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ZH → llbb̅: CDF

exp: 16

obs: 16

Two independent neural nets are 
trained to separate ZH from
• t t̅ background
• Z+jet background
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CDF: H → ττ
Use τlepτhad mode.
     - Lepton pT > 10 GeV
- Hadronic τ pT > 15 GeV

  3 Neural Nets are trained:
      Signal vs Z-> ττ + jets
      Signal vs ttbar
      Signal vs QCD

Select Minimum of 3 NN to fit 
data.



DØ:  H → γγ

5

data 13827
Z/γ∗ → ee 740.9 ± 102.3

jet+jet 4778.6 ± 1264.6
γ+jet 4677.2 ± 1245.8

QCD γγ 3400.5 ± 711.0
total background 13597.2 ± 2548.5

TABLE III: Number of events in data and the background estimation in the mass interval of (50 GeV, 250 GeV). The jet+jet
and γ+jet background contributions are estimated from the data, and thus have correlated statistical fluctuations with respect
to the data. A few uncertainties are fully correlated among the various background contributions and the correlations are taken
into account when computing the uncertainty of the total background. Thus the uncertainty of the sum of the background
contributions are greater than the individual uncertainties added in quadrature.
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FIG. 2: Top-left is the invariant mass distribution and top-right is the ∆φ(γ1, γ2) distribution of two photon candidates,
bottom-left is the pT distribution of leading photon candidate, and bottom-right is the pT distribution of the sub-leading
photon candidate.

Higgs mass(GeV) εselect observed limits (fb) expected limits (fb)
100 0.1713±0.0035 202.61 167.55
110 0.1812±0.0034 124.68 124.02
120 0.1881±0.0035 117.95 95.00
130 0.1943±0.0033 87.21 84.21
140 0.1997±0.0035 118.73 67.46
150 0.2058±0.0035 97.61 56.13

TABLE IV: The selection efficiencies with statistical uncertainties and 95% C.L. limits on σ × BR (fb) for the different SM
Higgs masses.
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FIG. 3: Left plot shows the limits on the σ × BR versus SM Higgs mass, right plot shows the limits as a ratio to the SM σ×
BR for different Higgs masses.

VII. SUMMARY

This note describes a search for a light Higgs boson in the di-photon channel in 2.27 fb−1 DØ Run II data. The
data and SM background estimation are consistent, so we set the 95% C.L. limits on the σ × BR for different SM
Higgs masses.
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[9] T.Sjöstrand et al., hep-ph/0108264,LU-TP-01-21,Lund2001

[10] R. Hamberg, W. L. van Neerven and T. Matsuura, Nucl. Phys. B 359, 343 (1991) [Erratum-ibid. B 644, 403 (2002)].
[11] T. Binoth, J. Ph.Guillet, E. Pilon, and M. Werlen, Eur. Phys. J. C. 16, 311 (2000).
[12] Y. Liu, Ph.D. thesis, Fermilab [FERMILAB-THESIS-2004-37] (2004).
[13] D. Acosta et al. (CDF collaboration), Phys. Rev. Lett. 95, 022003 (2005).
[14] T. Andeen et al., FERMILAB-TM-2365 (2007).
[15] J. Pumplin et al., JHEP 0207, 012 (2002).
[16] W. Fisher, FERMILAB-TM-2386-E (2006).
[17] T. Junk, Nucl. Intrum. Meth. A 434, 435 (1999); A. Read, CERN 2000-005 (30 May 2000).

2 isolated em clusters
QCD and γj background 
estimated from data



Tevatron Combination
16

1

10

10 2

110 120 130 140 150 160 170 180 190 200

1

10

10 2

mH(GeV/c2)

95
%

 C
L 

Li
m

it/
SM

Tevatron Run II Preliminary, L=1.0-2.4 fb-1

D∅ Exp
CDF Exp

Tevatron Expected
Tevatron Observed
±1σ
±2σ

LEP Limit

SM
March 2, 2008

FIG. 1: Observed and expected (median, for the background-only hypothesis) 95% C.L. upper limits on the ratios to the
SM cross section, as functions of the Higgs test mass, for the combined CDF and DØ analyses. The limits are expressed as
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Projecting Higgs Reach to 2010
Improvements assumed in projections
✦ b-tagging

• b-tagging with Layer 0 (~8% per tag efficiency increase, DØ)
• add semileptonic b-tags (~5% per tag efficiency increase, DØ)
• improved usage of existing taggers (~25%, CDF)
• add single-b-tag channel to ZH→vvbb (DØ)

✦ Acceptance
• include forward electrons in WH (DØ)
• include 3-jet sample in WH (DØ)
• 25% trigger acceptance (CDF)

✦ Analysis techniques
• improved multivariate analyses (~20% in sensitivity)
• better usage of ETmiss 

• di-jet mass resolution (from 18% to 15% in σ(m)/m, DØ)
✦ scaling of systematic uncertainties as a function of luminosity
Additional improvements not yet included in projection

inclusion of tau channels
charm rejection in single b-tag analyses
optimizing H→WW at low mass
…
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