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View of
LEP

Experiments



Spontaneous Symmetry Breaking

Higgs Field
1-complex doublet

Hypercharge(Y)
U(1)Y Symmetry

Left-Handed Isospin(T)
SU(2)L Symmetry
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Two Primordial 
Gauge Interactions:
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Properties of the Physical Vacuum
Self-Interacting 

Effective Potential:
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Electric Charge(Q)
U(1)EM Symmetry
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missing link



Is the Z just a massive W0?
If isospin (T) were an unbroken 

symmetry,
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LEP Luminosity Higgs Search
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Pushing LEP to its Limit



Standard Model Higgs Production
Higgsstrahlung Diagram

Fusion Diagrams

117.8 GeV115.4 GeV



Physical Search Channels

4-Jet

Higgs Decay Mode @ mH=115 GeV
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Standard Model Processes at LEP

Two-Photon Interaction
qq-- eeee ++ →

Full Energy
( )85.0/ >′ ssqq

qqqq ′′→→ −++ WWee -

qqqq→→+ ZZee -

qqbb→→+ HZee -

114H =m GeV

)  (ee - qq→+ γ



Combining Search Data

Equal S/B Ratio ≡ Equal Sensitivity

Rebinning 
Procedure

4 Experiments
×4 Channels

×15 Beam Energies
=240 Analyses

LEP treated as a single
search analysis



Search Channel Analyses

Expected Number of EventsSearch
0.10.51.0Exp.Channel

1.6Opal
1.6L3(e+µ)
1.9DelphiLeptons
2.5Aleph
0.70.3Opal
0.70.2L3Energy
2.10.5DelphiMissing
0.90.3Aleph
1.00.50.2Opal
1.10.50.2L3
2.61.10.5Delphi4-Jet
2.81.00.4Aleph

Average Signal/Background at mH=115.6 GeV

Notable
Analysis
Variation



LEP Higgs Data at mH=115.6 GeV

2.30.82s/b>1.0
12.17.510s/b>0.3
70.360.180s/b>0.05

1158.71143.81117All Events

Signal+ 
BackgroundBackgroundDataSelection



Candidate Evolutions in Log(s/b)

3  ALEPH 4-Jet Events

1   L3 Missing Energy

OPAL 4-Jet Event

ALEPH Lepton(e) Event

Widths come from
Mass resolutions

Peaks occur at
Reconstructed masses



ALEPH 4-Jet Channel



Background from
Double Gluon Radiation

To mimic Z→qq decay,
gluons must be:
a) back-to-back

b) separated from the
quark jets, and

each have
c) 45 GeV of energy

Cross section is reasonably well known in perturbative QCD
(known to ≈20%)



Side View of Hνν Candidate

mH = 115 GeV

√s = 206.4 GeV



Composition of Background 
Estimate for Hνν Candidate

20% 80%

ZZee - →+

νν
bb Two b-Jets

Dijet Mass ≈ 91 GeV
but measured to be

≈115 GeV
(Measurement Tails)

)    (bbee - →+ γγ
• Fraction of Full Energy Events

Extremely Small
(Dijet Mass ≈ 206 GeV

but measured to be ≈115 GeV)

• Dominantly Double Radiative Return
Rare Process that Mimics the Signal

(Production Tails)



Background from 
Double Radiative Return

To mimic Z→νν decay,
photons must be:
a) back-to-back
b) undetected

(down beam pipe), and
each with

c) 45 GeV of energy

Additional photon lines imply small cross sections
(known to ≈15%)



No Evidence
for

Large Energy Loss

Jet Measurements

Z Peak Calibration Data in Year 2000
Jet Resolution

 ≈13%
at θ=45º

Jet Energy Sum
= 91 GeV



Visualizing Search Sensitivity
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Scanning for a Higgs Boson Mass

Measure
median separation

of hypotheses

Compare with
widths of

distributions

Scan versus Mass

68% 95%



Preliminary Data
final combination expected

in February

Combined Standard Model Results

Data Excess Compatible with:

GeV 115.6  1.4
1.1

+
−=Hm

mH=115.6 GeV



Is it Background Only?

by Experiment by Channel



Is it Signal + Background?

by Experiment by Channel



Mass Resolution by Channel



Mass Resolution in H WW*

*ZWWZH →
Higgsstrahlung

qqZ →

Decay Modes

Jet4* −→WW
νlqqWW ′→*

νν→Z
Jet4* −→WW



Self-Coupling λ

Isidori, Ridolfi, Strumia hep-ph/0104016

GeV 115=Hm

λ is negative for mt=175 GeV
at 1000 TeV

ϕ

ϕ

ϕ

ϕ
Massive scalar

or vector particles

positive)( →Λλ

What can be done?



Fermion Masses in a 1-doublet Model










−
=→








=

−

+

ϕ
ϕ

ϕ
ϕ
ϕ

ϕ
0

0 c
C1-doublet Model:

( ) RLdd dduG  ϕ−=L

Down-type mass
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Fermion Masses in a 2-doublet Model

2
1vGm d

d =

Down-type mass Up-type mass

2
2vGm u

u =

22
2

2
1 vvv =+

12tan vv=β
Electroweak
Energy Scale

mtop /mbottom?
8 degrees of freedom

– 3 longitudinal polarizations (WL
±,ZL)

leaves 5 Higgs bosons: h, H, A, H±



Production of Higgs Bosons in the 
Minimal Super Symmetric Model



Scanning for the MSSM
Excluded past ZZ

for equal mass
hA production

Lightest h excess
at 115.6 GeV

Small region of  allowed
low tan β values

Excluded region of
tan β

}

(mh,tan β)−Exclusion plane

(mh-max)



Higgs’ Quest

Fermilab (Chicago, USA)
LEP (Geneva, Switzerland)

6 years

Startup of LHC
2006 or later

Tevatron Run II
In progress

LEP Dismantling
November 2000



Indirect Higgs Search

Heinemeyer and Weiglein hep-ph/7307

}

}

Shrink the
uncertainties on

MW and Mtop

Standard Model
Precision Electroweak Data

Low mass preference for the Higgs boson


