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Second Lecture Outline:Second Lecture Outline:

1.  Brief Theory Reminder:1.  Brief Theory Reminder:
Mass, Decays, ProductionMass, Decays, Production

2. The Situation before LEP2. The Situation before LEP

3. Higgs Boson Searches at LEP 13. Higgs Boson Searches at LEP 1

4. Higgs Boson Searches at LEP 24. Higgs Boson Searches at LEP 2

5. 2001, A Spoilt Odyssey 5. 2001, A Spoilt Odyssey 

The Standard Model Higgs Searches The Standard Model Higgs Searches at LEPat LEP

HiggsHiggsHiggsHiggs
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“Theory”:“Theory”: SM Higgs Boson Mass and CouplingsSM Higgs Boson Mass and Couplings
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HH

(unknown)(unknown)

All couplings predictedAll couplings predicted

Mass unknownMass unknown

--λλvv44/24/24

Empty vacuumEmpty vacuum

(Our vacuum)(Our vacuum)

From the From the Higgs MechanismHiggs Mechanism …                         and from …                         and from Gauge Invariance :Gauge Invariance :

mmZ Z = m= mWW/cos/cosϑϑW W ;                              ;                              mmWW = gv/2= gv/2;                   ;                   ((→→ v v ∼∼ 250 GeV250 GeV).).
vacuum expectation valuevacuum expectation value
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“Theory”:“Theory”: SM Higgs Boson MassSM Higgs Boson Mass

λλ == mm22 /v/v22
HH

As for any other coupling constant, As for any other coupling constant, 
the particle content of the standardthe particle content of the standard
model determines model determines the running of the running of λλ
up to a scale up to a scale ΛΛ, at which the model , at which the model 
is no longer valid.is no longer valid.

The following conditions must be The following conditions must be 
realized:realized:

∞≤Λ≤ )(0 λ
Vacuum StabilityVacuum Stability TrivialityTriviality

115115

The mass mThe mass mH H is mostly unknown, but …  is mostly unknown, but …  

In the Standard Model:In the Standard Model:

257
38

EW
Higgs GeV/ 108 cm +

−=
(In the Standard Model)(In the Standard Model)

R.G.E.R.G.E.
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“Theory”:“Theory”: SM Higgs Boson DecaysSM Higgs Boson Decays

!! mmHH << 2m2mee:  :  H H →→ γγγγ + large lifetime+ large lifetime;;

!! mmHH << 2m2mµµ:  :  H H →→ ee++ee-- dominates;dominates;

!! mmHH << 2m2mππ:  :  H H →→ µµ++µµ-- dominates;dominates;

!! mmHH << 3 3 -- 4 GeV4 GeV:  :  H H →→ gggg dominates;dominates;

!! mmHH << 2m2mbb:  :  H H →→ ττ++ττ-- and and cccc dominate;dominate;--

!! mmHH >> 2m2mb b up to 1000 GeV/cup to 1000 GeV/c22::

The decay branching ratios depend only on mThe decay branching ratios depend only on mHH::

ππ00ππ00, π, π++ππ−−, ΚΚ,, ΚΚ,
ηηηη , , …… etcetc
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“Theory”:“Theory”: SM Higgs Boson Production at LEPSM Higgs Boson Production at LEP
Dominant at LEP: Dominant at LEP: The HiggsThe Higgs--strahlung processstrahlung process
(The production cross section depends only on m(The production cross section depends only on mHH))

LLEEPP 1:   1:   √√s s ∼∼ mmZZ LLEEPP 2:   2:   √√s s ≥≥ mmZZ + m+ mHH

(Large coupling to the Z (Large coupling to the Z ⇒⇒ Only sizeable cross section)Only sizeable cross section)
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The situationThe situation before LEPbefore LEP (I)(I)

SINDRUM, 1989SINDRUM, 1989

CLEO, 1989CLEO, 1989NA31, 1990NA31, 1990

CUSB, 1989CUSB, 1989

Quite a few searches in hadron decays:Quite a few searches in hadron decays:

No excessNo excess seen, but…seen, but…

No No unambiguous limitunambiguous limit setset

(Large (Large theoretical uncertaintiestheoretical uncertainties
on the predicted decay rates.)on the predicted decay rates.)
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The situationThe situation before LEPbefore LEP (II)(II)

2 102 101616 ee--

(2 GeV)(2 GeV)

DumpDump

2m Decay2m Decay
DistanceDistance

1) Production:1) Production: 2) Decay (for m2) Decay (for mHH between 2mbetween 2mee and 2mand 2mµµ):):

mmee/v/v

No counts No counts 
above 750 MeVabove 750 MeV

1.2 MeV/c1.2 MeV/c22 << mmHH << 52 MeV/c52 MeV/c22

Excluded at 95% C.L.Excluded at 95% C.L.

M. Davier and H. Nguyen Ngoc, 1990M. Davier and H. Nguyen Ngoc, 1990

0            1              2            3 0            1              2            3 
E (GeV)E (GeV)

CalorimeterCalorimeter

101033

101022

1010

11

00

Only one unambiguous limit:Only one unambiguous limit:
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Direct Searches Direct Searches at LEP 1at LEP 1

BR(Z BR(Z →→ HffHff))
--

EventsEvents
expectedexpected
at LEP1at LEP1

(among 2 10(among 2 1077 Z)Z)

Acoplanar lepton pairsAcoplanar lepton pairs

Acoplanar pairsAcoplanar pairs
MonojetsMonojets

Acoplanar jetsAcoplanar jets

Very little background expectedVery little background expected
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Search for Search for acoplanar jets acoplanar jets ((ee++ee-- →→ HHνννν))

4.5 million
4.5 million

400,000400,000
200,000

200,000

--

20 H20 Hνννν events to be looked forevents to be looked for
(4(4 exptsexpts, if m, if mHH = 65 GeV/c= 65 GeV/c22))

--

Within more than 20 millionWithin more than 20 million
other events from Z decaysother events from Z decays
(or from other processes)(or from other processes)

Full            Data SampleFull            Data Sample

Missing EneMissing Energyrgy
and Momenand Momentumtum

AcoplanarAcoplanar
JetsJets

Mass Mass ∼∼ mmHH
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Search for Search for acoplanar jets acoplanar jets ((ee++ee-- →→ HHνννν))--
Two mainTwo main subsamplessubsamples::

1)1) High MultiplicityHigh Multiplicity (Selected)(Selected)

2)2) Low MultiplicityLow Multiplicity (Rejected)(Rejected)

4.5 Million 4.5 Million 
Z Z →→ hadronshadrons

ALEPHALEPH

Visible Mass (GeV/cVisible Mass (GeV/c22))

Visible Mass (GeV/cVisible Mass (GeV/c22))

Z Z →→ ee++ee--

Z Z →→ µµ++µµ−−

Z Z →→ ττ++ττ−−

Lots of Lots of γγγγ
interactionsinteractions

+ 5 H+ 5 Hνννν events ?events ?
(m(mHH = 65 GeV/c= 65 GeV/c22))

CUTCUT

70,000 Events with M70,000 Events with MVISVIS ≤≤ 70 GeV/c70 GeV/c2 2 ::

Lots of Lots of Z Z →→ hadronshadrons
with with missing energymissing energy

A few Z A few Z →→ ττ++ττ−−

With With high multiplicityhigh multiplicity

A few A few γγγγ
interactionsinteractions

HHνννννννννννννννν signalsignal expectedexpected
((×××××××× 100)100)Origin of Origin of missing energymissing energy in Z in Z →→ hadrons ?hadrons ?

--

--
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Energy Losses Energy Losses in the Beam Pipein the Beam Pipe

Z Z →→ qq events:qq events:
Two backTwo back--toto--back jetsback jets

--

(Not instrumented)(Not instrumented)

HHνννν signalsignal--

BeamBeam

BeamBeam

νν

νν--

XX3030 = Fraction of measured energy above= Fraction of measured energy above
30 degrees from the beam axis30 degrees from the beam axis

ALEPH DataALEPH Data
(70,736 events)(70,736 events)

HHνννν simulationsimulation
(starts from 10,000 events)(starts from 10,000 events)

--

XX3030 ≥≥ 60%60%

CutCut

CutCut5 5 ×× 67.09% 67.09% ∼∼ 3.4 events3.4 events
Expected in the data:Expected in the data:
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Energy Losses Energy Losses in Semiin Semi--Leptonic b decaysLeptonic b decays

νν

νν

νν--

AcollinearityAcollinearity
∼∼ 180 degrees180 degrees

AcollinearityAcollinearity
<< 180 degrees<< 180 degrees

Z Z →→ bb events:bb events:
The The ν ν is is inin the jetthe jet

--

Acollinearity Angle (Degrees)Acollinearity Angle (Degrees)

ALEPH DataALEPH Data
(26,041 events)(26,041 events)

HHνννν simulationsimulation
(2.8 events expected)(2.8 events expected)

--

AcollAcoll. . ≤≤ 165165 deg.deg.

CutCut

CutCut

HHνννν signalsignal--
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Energy Losses Energy Losses due to I.S.R.due to I.S.R.
(Initial State Radiation)(Initial State Radiation)

ee++ee-- →→ qqqqγγ events:events:
TheThe ppmismis is along the beamis along the beam

--

ppmismis

γγ

ppmismis
νν

νν--

BeamBeam

BeamBeam

αα

ALEPH DataALEPH Data
(1466 events)(1466 events)

HHνννν simulationsimulation
(2.4 events “left”)(2.4 events “left”)

--

tan tan ααtan tan αα ≥≥ 0.40.4

CutCut

CutCut

HHνννν signalsignal--
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Energy Losses Energy Losses due to I.S.R. + Semidue to I.S.R. + Semi--Leptonic b decayLeptonic b decay

νν

νν
ppmismis

γγ

νν--

νν

AcoplanarityAcoplanarity angleangle
∼∼ 180 degrees180 degrees

AcoplanarityAcoplanarity
<< 180 degrees<< 180 degrees

HHνννν signal:signal:--

Z Z →→ bb events:bb events:
--

ALEPH DataALEPH Data
(1001 events)(1001 events)

HHνννν simulationsimulation
(2.3 events “left”)(2.3 events “left”)

--

AcoplanarityAcoplanarity Angle (Degrees)Angle (Degrees)
AcopAcop. . ≤≤ 175175 deg.deg.

CutCut

CutCut
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A SemiA Semi--Leptonic decay Leptonic decay in in bbgbbg (3(3--jet) eventsjet) events

ALEPH DataALEPH Data
(824 events)(824 events)

HHνννν simulationsimulation
(2.1 events “left”)(2.1 events “left”)

--

νν

νν

Z Z →→ bbgbbg events:events:
TheThe ppmismis is is notnot isolatedisolated

--

ppmismis

ppmismis

νν--

HHνννν signal:signal:
TheThe ppmismis isis isolatedisolated

--

--

EECONECONE (GeV)(GeV) = Energy contained in a cone= Energy contained in a cone
of halfof half--angle 30 degrees aroundangle 30 degrees around ppmismis

CutCut

CutCut

EECONECONE ≤≤ 1 GeV1 GeV
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Two SemiTwo Semi--Leptonic decays Leptonic decays in in bbgbbg (3(3--jet) eventsjet) events

ALEPH DataALEPH Data
(365 events)(365 events)

HHνννν simulationsimulation
(1.8 events “left”)(1.8 events “left”)

--

--

νν

νν

νν--

νν--

ppmismis
θθ1212

θθ1212

θθ2323

θθ2323

θθ1313

θθ1313

S = S = θθ1212 + + θθ2323 + + θθ1313

Z Z →→ bbgbbg events:events:
--

HHνννν signal:signal:--

S S ∼∼ 360 deg.360 deg.

S S << << 360 deg.360 deg.

S S ≤≤ 342 degrees342 degrees

CutCut

CutCut

(1.5 events “left”)(1.5 events “left”)

(6 events)(6 events)

S = S = θθ1212 + + θθ2323 + + θθ1313
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Two SemiTwo Semi--Leptonic decays  Leptonic decays  + Three Jets+ Three Jets + I.S.R. + I.S.R. (!!)(!!)
ee++ee-- →→ bbgbbg((γγ) events:) events:

--
νν

νν

νν

νν--

νν-- νν--

EE11

EE11

EE22

EE22EE33

EE33

EEγγ

HHνννν signal:signal:--

EE11, E, E22, E, E33,, EEγγ = Energies Recomputed with = Energies Recomputed with 
energyenergy--momentum conservation constraintmomentum conservation constraint

EEMINMIN = MIN ( E= MIN ( E11, E, E22, E, E33))

bbgbbg((γγ) events ) events are are 
44--body Compatible:body Compatible:

EEMINMIN is positiveis positive

--

HHνννν:: The three jets areThe three jets are
in the same hemisphere.in the same hemisphere.
One of theOne of the EEii tend to be tend to be 

negativenegative

--

No events left in the data;No events left in the data;
Still 1.3 event expected fromStill 1.3 event expected from HHνννν--

Signal simulationSignal simulation



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 18

Higgs Boson Searches at LEP 1: Higgs Boson Searches at LEP 1: ResultResult

0.0 0.0 << mmHH << 65.6 GeV/c65.6 GeV/c22

Excluded at 95% C.L.Excluded at 95% C.L.

1989

1990

1991
1992

1993
1994 1995

Million Hadronic Z decaysMillion Hadronic Z decays
1010--22 1010--11 1                 10               101                 10               1022

7070

6060

5050

4040

3030

2020

1010

00

With the 4 LEPWith the 4 LEP exptsexpts combined, combined, 4.04.0 signalsignal
events were expected. None were observed.events were expected. None were observed. Saturation was being reached:Saturation was being reached:

GO  FORGO  FOR LEP 2 !LEP 2 !
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Direct Searches Direct Searches at LEP 2at LEP 2

√√s = ms = mZZ

Z Z →→ HffHff-
-

√√s s ≥≥ mmHH+m+mZZ

HHνννν

HHµµ++µµ−−

HeHe++ee−−

HqqHqq

--

--

5σ5σ sensitivity for sensitivity for 200 pb200 pb--11::
•• √√s = 192 GeV for ms = 192 GeV for mH H = 100 GeV/c= 100 GeV/c22;;
•• √√s = 210 GeV for ms = 210 GeV for mH H = 115 GeV/c= 115 GeV/c22;;
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Signal Signal vsvs Background Background (I)(I)

ee++ee-- →→→→→→→→ HZHZ
σσσσσσσσ = 0.1 pb= 0.1 pb

ee++ee-- →→→→→→→→ ZZZZ
σσσσσσσσ ~ 2 pb~ 2 pb

ee++ee-- → → → → → → → → WW++WW--

σσσσσσσσ ~ 20 pb~ 20 pb
ee++ee-- → → → → → → → → qqqq

σσσσσσσσ ~ 100 pb~ 100 pb

-

•• Reconstructed Higgs boson mass;Reconstructed Higgs boson mass;
•• Other kinematic variables;Other kinematic variables;
•• bb--tagging (lifetime, leptons, …);tagging (lifetime, leptons, …); Ba

ck
gro

un
d

Ba
ck
gro

un
d

Ba
ck
gro

un
d

Ba
ck
gro

un
d+
+++

Ba
ck
gro

un
d

Ba
ck
gro

un
d++

Sig
na
l

Sig
na
l

Must evaluate Must evaluate the “signalthe “signal--ness”,ness”,
s/bs/b, of the candidate events, of the candidate events

Zoom of Zoom of ±±1cm around 1cm around 
the interaction pointthe interaction point
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Elements of Elements of b taggingb tagging (I)(I)

Impact Parameter with respectImpact Parameter with respect
to Primary Vertexto Primary Vertex

Lepton Transverse MomentumLepton Transverse Momentum
with respect to bwith respect to b--jet axisjet axis

χχ22 decrease with a decrease with a 
Secondary vertexSecondary vertex

Combine with Combine with 
Neural NetworksNeural Networks
Likelihood's, …Likelihood's, …

Other jetOther jet--shape variablesshape variables
(multiplicity, mass, sphericity)(multiplicity, mass, sphericity)



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 22

Elements of Elements of b taggingb tagging (II)(II)
Result on jets from hadronic Z decaysResult on jets from hadronic Z decays

(collected every year for calibration)(collected every year for calibration)

Result on jets from hadronic W decaysResult on jets from hadronic W decays

(from semi(from semi--leptonic eleptonic e++ee-- →→ WW++WW-- eventsevents ))

!! bb--jets and lightjets and light--quark jets are well separated;quark jets are well separated;

!! Simulation reproduces well the data.Simulation reproduces well the data. (Essential)(Essential)

No bNo b--jets jets 
in W decaysin W decays
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Elements of Elements of b taggingb tagging (III)(III)
Separation of HZ, WSeparation of HZ, W++WW-- and qq events at LEP 2 energiesand qq events at LEP 2 energies--

(b tagging only)(b tagging only)

(Jets 1 and 2 are chosen to be the jet(Jets 1 and 2 are chosen to be the jet--pairing most compatible with originatingpairing most compatible with originating
from a Z decay, according to the from a Z decay, according to the didi--jet invariant mass, the decay angle, … etc.)jet invariant mass, the decay angle, … etc.)
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Signal Signal vsvs Background Background (II)(II)

Data Data 
ee++ee-- →→ Z Z Z Z 
ee++ee-- →→ qqqq
ee++ee-- →→ WW++WW--

BackgroundsBackgrounds

0.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.00.0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0

101033

101022

1010

11

GLOBAL NEURAL NETWORK OUTPUTGLOBAL NEURAL NETWORK OUTPUT

Combine bCombine b--tagging and kinematics in a singletagging and kinematics in a single
Neural Network / Likelihood / … :Neural Network / Likelihood / … :

Higgs Signal (mHiggs Signal (mH H = 100 GeV/c= 100 GeV/c22))

Higgs Signal (mHiggs Signal (mH H = 115 GeV/c= 115 GeV/c22))

In each bin, one can define the In each bin, one can define the 
probabilityprobability for for an event ian event i to to 
come from come from signalsignal ((ssii)) or from or from 

backgroundbackground (b(bii)), and the , and the 
event weightevent weight wwii == ssii // bbii
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Signal Signal vsvs BackgroundBackground (III)(III)

Signal + Background Background only

100 GeV/c2

107 GeV/c2

115 GeV/c2

• Overall Likelihood of a given event sample: Q = ∏ ∏ ∏ ∏ (si++++bi)/bi;
• Larger in presence of signal;
• Negative Log-Likelihood L = -2 Log Q (Smaller in presence of signal).

i = 1i = 1

NN

Signal?

(Expected)(Expected)

(Expected)(Expected)

What if mWhat if mHH ≈≈ 115 GeV/c115 GeV/c22??

√√s = 206 GeVs = 206 GeV
One ExperimentOne Experiment

Four ExperimentsFour Experiments
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LEP Optimization: LEP Optimization: Luminosity Luminosity or or EnergyEnergy ??

mmHH = = √√s s -- mmZZ

Higgs mass 3Higgs mass 3σσ sensitivity = f(sensitivity = f(LumiLumi, E), E) A typical (and realistic) example: A typical (and realistic) example: 
!! Beam Energy: 102 GeV;Beam Energy: 102 GeV;
!! 200 pb200 pb--11 / experiment./ experiment.

The The 33σσ sensitivity sensitivity of the Higgs boson of the Higgs boson 
search is aboutsearch is about 112 GeV/c112 GeV/c22,, i.e., onlyi.e., only
1 GeV/c1 GeV/c22 awayaway from the “from the “kinematickinematic
threshold” threshold” mmHH = = √√s s –– mmZZ..

To gain 2 GeV/cTo gain 2 GeV/c22 of sensitivity, twoof sensitivity, two
possibilities :possibilities :

"" Increase the beam energy Increase the beam energy 
by 1 GeV;by 1 GeV;

"" Multiply the luminosity by 4.Multiply the luminosity by 4.

1 GeV of beam energy (feasible) 1 GeV of beam energy (feasible) ⇔⇔ A factor of 4 in luminosity (just a dream)A factor of 4 in luminosity (just a dream)
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Beam Energy increases Beam Energy increases in LEPin LEP

365028856
205

↓↓↓↓
209.2

2000

3000
↓↓↓↓
↓↓↓↓

3550

28848

192
196
200
202

1999

2850272521891998

2500240521831997

1600
2000

144
176

128
161
172

1996

180None128mZ1989-95

RF (MV)# SC Cavities# Cu Cavities√√√√s (GeV)Year

Energy Loss per TurnEnergy Loss per Turn ∝∝ EE44 / / ρρ (Synchrotron Radiation)(Synchrotron Radiation)

Maximum Beam Energy Maximum Beam Energy ∝∝ [[RF VoltageRF Voltage ×× Bending RadiusBending Radius]]1/41/4

"" Increase Increase 
RF Voltage;RF Voltage;

(130 MV for (130 MV for 
E = 45.6 GeV;E = 45.6 GeV;

≥≥ 3 GV for3 GV for
E = 100 GeV;E = 100 GeV;

→→ Go for SCGo for SC
RF Cavities) RF Cavities) 

"" IncreaseIncrease
Bending Radius!Bending Radius!

"" Or increase both.Or increase both.
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LEP Improvements LEP Improvements in 1999/2000in 1999/2000
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Accelerating field [MV/m]
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96 GeV
100 GeV
104 GeV

192 GeV:
Mean Nb/Cu
6.0 MV/m

200 GeV:
Mean Nb/Cu
7.0 MV/m

204 GeV:
Mean Nb/Cu
7.5 MV/m

Distributions of all Nb/Cu cavity gradient (MV/m)Distributions of all Nb/Cu cavity gradient (MV/m)

Desi
gn:

 5.5 M
V/m

Desi
gn:

 5.5 M
V/m

1) 1) Increase RF GradientIncrease RF Gradient &  &  Upgrade CryogenicsUpgrade Cryogenics

E: 192 E: 192 →→ 200 200 →→ 204 GeV204 GeV; ; 
mmHH: 100 : 100 →→ 108 108 →→ 112 GeV/c112 GeV/c22

•• 272 Nb/Cu cavities in 1998;272 Nb/Cu cavities in 1998;
2850 MV2850 MV available, 189 GeVavailable, 189 GeV

•• 288 Nb/Cu cavities in 1999;288 Nb/Cu cavities in 1999;
3000 MV3000 MV available, 192 GeVavailable, 192 GeV

•• Condition all cavities, damp theCondition all cavities, damp the
oscillations, install part of LHCoscillations, install part of LHC
cryogenics, improve the phasing…cryogenics, improve the phasing…
3500 MV3500 MV available (end 1999)available (end 1999)
3650 MV3650 MV available (2000)available (2000)
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Improvements in 1999/2000Improvements in 1999/2000 ((Cont’d)Cont’d)

Start withStart with
a margin ofa margin of 22

11

00 klystronklystron

Starting Energy (GeV)Starting Energy (GeV)

mm
HH

33 σ
 σ  
S e

n s
it

iv
i t

y  
(G

eV
/c

S e
n s
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y  
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/c
22 ))
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33σσ sensitivity optimization with 0 or 1 minirampsensitivity optimization with 0 or 1 miniramp2) 2) Improve stability &Improve stability &
Decrease security marginDecrease security margin

E: 204 E: 204 →→ 205.5 GeV205.5 GeV; ; 
mmHH: 112 : 112 →→ 113 GeV/c113 GeV/c22

E: 205.5 E: 205.5 →→ 207 GeV207 GeV; ; 
mmHH: 113 : 113 →→ 114 GeV/c114 GeV/c22

•• TwoTwo-- to oneto one--klystron margin klystron margin 
(Fill duration 2h30 (Fill duration 2h30 →→ 1h30):1h30):

•• MiniMini--ramp to no margin at all ramp to no margin at all 
(Fill duration 15 minutes!)(Fill duration 15 minutes!)

•• Turnaround time reduced to 45 mins:Turnaround time reduced to 45 mins:



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 30

Improvements in 1999/2000Improvements in 1999/2000 ((Cont’d)Cont’d)

LEP:
f=350 MHz

∆∆∆∆f = 0 Hz

∆∆∆∆f = -50 Hz

3) 3) ReRe--install 8 Cu cavitiesinstall 8 Cu cavities

E: 207 E: 207 →→ 207.4 GeV207.4 GeV; ; 
mmHH: 114 : 114 →→ 114.25 GeV/c114.25 GeV/c22

4) 4) Use orbit correctors as magnetic dipolesUse orbit correctors as magnetic dipoles

E: 207.4 E: 207.4 →→ 207.8 GeV207.8 GeV; ; 
mmHH: 114.25 : 114.25 →→ 114.5 GeV/c114.5 GeV/c22

5) 5) Decrease the RF frequencyDecrease the RF frequency

E: 207.8 E: 207.8 →→ 209.2 GeV209.2 GeV;;
mmHH: 114.5 : 114.5 →→ 115.1 GeV/c115.1 GeV/c22

More dipolar More dipolar 
magnetic fieldmagnetic field

seen in theseen in the
quadrupoles ! quadrupoles ! 

Adds 30 MV  (0.8% of total RF Voltage)Adds 30 MV  (0.8% of total RF Voltage)

Increases LEP radius !Increases LEP radius !
But … 10But … 10--20% luminosity reduction20% luminosity reduction
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Improvements in 1999/2000:Improvements in 1999/2000: ResultsResults

205 GeV

208+ GeV

206.5 GeV

220 pb220 pb--11 delivered in 2000:delivered in 2000:
•• starting at 204starting at 204--205 GeV 205 GeV 
(April(April--May)May)

•• Regularly above 206 GeVRegularly above 206 GeV
(from June onwards)(from June onwards)

•• Only above 206.5 GeVOnly above 206.5 GeV
(September to November)(September to November)

mmHH << 114.1 GeV/c114.1 GeV/c22

excluded at 95% C.L.excluded at 95% C.L.

(144  cavities)(144  cavities)

(176)(176)

(240)(240)

(272)(272)

(288)(288)

NotesNotes::
•• 372 cavities: 372 cavities: 

→→ E = 220 GeV;E = 220 GeV;
•• 4 straight sections4 straight sections

→→ E = 240 GeV.E = 240 GeV.
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First pbFirst pb--11’s above 206 GeV: ’s above 206 GeV: 
First thrills at 115 GeV/cFirst thrills at 115 GeV/c22

First Candidate Event First Candidate Event 
(14(14--JunJun--2000, 206.7 GeV)2000, 206.7 GeV)

•• Mass 114.3 GeV/c2;Mass 114.3 GeV/c2;
•• Good HZ fit;Good HZ fit;
•• Poor WW and ZZ fits;Poor WW and ZZ fits;
•• P(Background) : 2%P(Background) : 2%
•• s/b(115) = 4.7s/b(115) = 4.7

The purest candidate event ever!The purest candidate event ever!

b-tagging
(0 = light quarks, 1 = b quarks)

• Higgs jets: 0.99 and 0.99;
• Z jets: 0.14 and 0.01.

e+e- → bbqq
_ _

Missing
Momentum

High pT muon
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A few candidate events A few candidate events at 115 GeV/cat 115 GeV/c22

DALI                                                                                                      
                                                                                                          

Run=56065   Evt=3253   
ALEPH

4  Gev EC
10 Gev HC
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3131--JulJul--20002000
Mass: 112 GeVMass: 112 GeV
s/bs/b115115 = 2.0= 2.0

2121--AugAug--20002000
Mass: 110 GeVMass: 110 GeV
s/bs/b115115 = 0.9= 0.9

2121--JulJul--20002000
Mass: 114 GeVMass: 114 GeV
s/bs/b115115 = 0.4= 0.4

e+e- → bbνν
__

DELPHIDELPHI

L3L31414--OctOct--20002000
Mass: 114 GeVMass: 114 GeV
s/bs/b115115 = 2.0= 2.0

2727--JunJun--20002000
Mass: 113 GeVMass: 113 GeV
s/bs/b115115 = 0.52= 0.52

ALEPHALEPH
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The The 14 Most Significant14 Most Significant EventsEvents

 s/b 
Rec. mass 
(GeV/c2) Channel Expt 

4.7 114  Hqq ALEPH 

2.3 112 Hqq ALEPH 

2.0 114 Hνννννννν L3 

0.90 110 Hqq ALEPH 

0.60 118 Hee ALEPH 

0.52 113 Hqq OPAL 

0.50 111 Hqq OPAL 

0.50 115 Hττττττττ ALEPH 

0.50 115 Hqq ALEPH 

0.49 114 Hνννννννν L3 

0.47 115 Hqq L3 

0.45 97 Hqq DELPHI 

0.40 114 Hqq DELPHI 

0.32 104 Hνννννννν OPAL 
 
 

Expected: 7Expected: 7
Observed: 14Observed: 14

In ALEPH: 6In ALEPH: 6
In L3: 3In L3: 3

In OPAL: 3In OPAL: 3
In DELPHI: 2In DELPHI: 2

In Hqq: 9 (70%)In Hqq: 9 (70%)
In HIn Hνννν: 3 (20%): 3 (20%)
In HlIn Hl++ll--: 2 (10%): 2 (10%)

s/b > 0.3: Expected signals/b > 0.3: Expected signal--toto--noise ratio of ~1noise ratio of ~1

Number of events Number of events 
compatible with s+bcompatible with s+b

Number of eventsNumber of events
in each experiment in each experiment 

compatible with beingcompatible with being
democraticdemocratic

(~1.6 bkg expected)(~1.6 bkg expected)

Number of eventsNumber of events
in each Z decay in each Z decay 
compatible with compatible with 
HZ predictionsHZ predictions

Values as of Nov 5Values as of Nov 5thth, 2000, 2000

--

--

0.70.7

0.70.7

115115
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A FewA Few Consistency Consistency Checks Checks (I)(I)
Comparison of the four experiments:Comparison of the four experiments: Comparison of the four channels:Comparison of the four channels:

Good consistency with s+b distribution;Good consistency with s+b distribution;
Not an “ALEPH excess”, but Not an “ALEPH excess”, but a LEP excessa LEP excess

Good consistency with s+b Good consistency with s+b 
according to expected separation;according to expected separation;

Not a “4Not a “4--jet excess”, but jet excess”, but a Higgs excessa Higgs excess

(115 GeV/c(115 GeV/c22))
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A FewA Few Consistency Consistency Checks Checks (II)(II)

DistributionDistribution of s/b for 
the whole data sample:

0.3

Excess visible Excess visible 
all the way all the way 

down to ~ 0.1down to ~ 0.1

Cutting tighter or Cutting tighter or 
looser on s/b:looser on s/b:

0.3

Good Consistency with Good Consistency with 
Signal+Background Signal+Background 

HypothesisHypothesis
For Any Purity CutFor Any Purity Cut

Not a “cutNot a “cut--aroundaround--the data” effectthe data” effect
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A FewA Few Consistency Consistency Checks Checks (III)(III)

1.1σ

2.2σ
2.6σ

2.9σσσσ

mmHH = 115.0       GeV/c= 115.0       GeV/c22
-- 0.30.3
+ 0.7+ 0.7

When interpreted as a Higgs signal:When interpreted as a Higgs signal:

•• Regular increase of the significance;Regular increase of the significance;
•• Overall compatibility with mOverall compatibility with mHH = 115 GeV/c= 115 GeV/c22..

PRELIMINARYPRELIMINARY

PRELIMINARYPRELIMINARY

Minimum of the logMinimum of the log--likelihood as deeplikelihood as deep
as could have been a priori expectedas could have been a priori expected

Reduced by Reduced by ∼∼ half a sigma on July 10, 2001half a sigma on July 10, 2001

Increased by half a GeV/cIncreased by half a GeV/c22 on July 10, 2001on July 10, 2001
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A FewA Few Consistency Consistency Checks Checks (IV)(IV)
QuestionQuestion: Is the background understood: Is the background understood
at theat the kinematickinematic limit (115+91 = 206 GeV)?limit (115+91 = 206 GeV)?

AnswerAnswer: Let’s have a look at : Let’s have a look at lower energylower energy
datadata (500 pb(500 pb--11 between 183 and 205 GeV)between 183 and 205 GeV)

ObservedObserved
below 205 GeVbelow 205 GeV

What would have been observed What would have been observed 
if the excess above 205 GeV were if the excess above 205 GeV were 

due to a systematic effect !!! due to a systematic effect !!! 

QuestionQuestion: Why is there a 2: Why is there a 2σσ excess all theexcess all the
way down to 100way down to 100--105 GeV105 GeV

AnswerAnswer: It is : It is as expectedas expected for a 115 GeV/cfor a 115 GeV/c22

Higgs signal because of mass resolution.Higgs signal because of mass resolution.

ObservedObserved

Expected with aExpected with a
115 GeV/c115 GeV/c22 Higgs Higgs 



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 39

2001: 2001: A Spoilt OdysseyA Spoilt Odyssey

•• With six more months in 2001;With six more months in 2001;
•• With a integrated luminosity of 200 pbWith a integrated luminosity of 200 pb--11;;
•• With an energy of 208.5 With an energy of 208.5 →→ 210 210 GeV;GeV;

(made possible with add’l cavities and a few tricks)(made possible with add’l cavities and a few tricks)

The 3The 3σσ evidence could have been turned intoevidence could have been turned into

A 5.5      A 5.5      σ σ discoverydiscovery+0.6+0.6

--0.90.9
Background subtracted:Background subtracted:

2001 expected mass spectrum:2001 expected mass spectrum:
(S/B = 2.0 around 115 GeV/c(S/B = 2.0 around 115 GeV/c22))

~28 signal events~28 signal events

2000 observed mass spectrum:2000 observed mass spectrum:
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1)1)

2) 2) DELPHI data being reprocessedDELPHI data being reprocessed (deficit?)(deficit?)

3) 3) L3 final, ALEPH and OPAL quasiL3 final, ALEPH and OPAL quasi--finalfinal

4) 4) ALEPH, L3 and OPAL (all in excess with ALEPH, L3 and OPAL (all in excess with 
respect to the background) combination respect to the background) combination 
still leads to a 2.9still leads to a 2.9σσ excess.excess.

Ongoing Combination Ongoing Combination (still preliminary)(still preliminary)

mmHH = 115.6        GeV/c= 115.6        GeV/c22
-- 0.70.7

+ 0.8+ 0.8

(3%)(3%)

(1(1--CLCLbb = 0.3%)= 0.3%)



SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 41

Conclusions of the 2Conclusions of the 2ndnd LectureLecture

•• Precision electroweak measurements:Precision electroweak measurements:

•• Direct Searches (~2Direct Searches (~2--33σσ effect)effect)

mmHH = 108       GeV/c= 108       GeV/c22
-- 3838
+ 57+ 57

mmHH = 115.6       GeV/c= 115.6       GeV/c22
-- 0.70.7
+ 0.8+ 0.8

±±15 GeV/c15 GeV/c22 with 5 more yearswith 5 more years
(two at the Z pole, three at high energy)(two at the Z pole, three at high energy)

Could have been confirmed in 2001Could have been confirmed in 2001
∆∆mmHH = 100 MeV/c= 100 MeV/c22 with three yearswith three years

After 12 years of outstanding Physics at LEP and SLC:After 12 years of outstanding Physics at LEP and SLC:

About 5About 5--10 years needed for a confirmation10 years needed for a confirmation

Impressive Consistency !Impressive Consistency !

•• Lots of upgrades still to be done to reach 15 fbLots of upgrades still to be done to reach 15 fb--11 in 2007 at the Tevatron;in 2007 at the Tevatron;
•• Lots of things still to be done to make LHC start in 2007;Lots of things still to be done to make LHC start in 2007;
•• The end of the decade might be hot.The end of the decade might be hot.


