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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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Figure 4 Higgs boson production in Z de-
cays at LEP1: the Bjorken (a) and Wilczek (b)
process.

masses below 2mµ, the Higgs boson essentially decays to a pair of electrons, and
below 2m⇡ and above 2mµ it predominantly decays to a pair of muons. Above the
2m⇡ threshold, the situation becomes slightly more intricate. For masses below
2–3GeV/c2, theHiggs boson decays to a pair of hadrons via its interactionwith two
gluons through a top-quark loop or its interaction with quarks. The hadronization
of these gluons becomes increasingly complex at higher Higgs boson masses.
Figure 5a depicts the branching ratios of the Higgs boson in this “nonperturbative
QCD” mass range (21).

2.3. The Perturbative QCD Domain (2 < mH up to ⇠20 GeV/c 2)

The transition to perturbative QCD is suggested by the smooth variation of the
branching ratios above⇠2GeV/c2 (21, 22).Within the “perturbativeQCD”domain

Figure 5 Higgs boson branching fractions (a) in the “nonperturbative QCD” low-mass
range and (b) for heavier mass hypotheses.
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The LEP collider housed in a 26.7 km tunnel [8 × 2.9-km-long arcs and 8 × 420-m-long straight sections] 
4 experiments: ALEPH, DELPHI, L3 and OPAL. 
>5000 magnets (3400 dipoles, 800 quadrupoles, 500 sextupoles, and over 600 beam orbit correctors) 
LEP1 from the summer of 1989 until 1995 → LEP operated at energies close to the Z resonance.
LEP2 from 1995 to 2000 → LEP operated above the WW threshold and up to 209 GeV.

LEP produced its first collisions on August 13th 1989, 
less than six years after ground was broken on September 13th 1983.
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Table 1
Geometric parameters of LEP.

Parameter Symbol Value

Effective bending radius ρ 3026.42 m

Revolution frequency frev 11245.5 Hz

Length of circumference, L = c/frev L 26658.9 m

Geometric radius (L/ 2π) R 4242.9 m

Radio frequency harmonic number h 31320

Radio frequency of the RF -system, fRF = h frev fRF 352 209 188 Hz

Table 2
Overview of LEP performance from 1989 to 2000.
∫

Ldt is the luminosity integrated per experiment
over each year and Itot is the total beam cur-
rent 2kbIb. The luminosity L is given in units of
1030cm−2 s−1.
Year

∫

Ldt Eb kb Itot L

(pb−1) (GeV/c2) (mA)

1989 1.74 45.6 4 2.6 4.3

1990 8.6 45.6 4 3.6 7

1991 18.9 45.6 4 3.7 10

1992 28.6 45.6 4/8 5.0 11.5

1993 40.0 45.6 8 5.5 19

1994 64.5 45.6 8 5.5 23.1

1995 46.1 45.6 8/12 8.4 34.1

1996 24.7 80.5 - 86 4 4.2 35.6

1997 73.4 90 - 92 4 5.2 47.0

1998 199.7 94.5 4 6.1 100

1999 253 98 - 101 4 6.2 100

2000 233.4 102 - 104 4 5.2 60

number of emitted photons. Consequently par-
ticles no longer lock on higher-order resonances
driven by the non-linear beam-beam force and
beam size blow up is reduced allowing the use of
higher bunch currents. Record beam-beam tune
shifts of about 0.08 were achieved.

The actually achieved performances are com-
pared to the LEP design parameters [5,14]. It
is noted, that the design beam energy for LEP1

was 55 GeV, significantly above the operational
LEP1 energy of around 45.6 GeV, as dictated by
the Z-mass. The design parameters used here are
taken from [5,14] and were not adjusted for this
discrepancy, as the changes would be small [15].
The design and achieved values for a number of
crucial LEP performance parameters are summa-
rized in Table 3. It is seen that LEP clearly sur-
passed all design expectations. In particular the
peak luminosity at LEP2 was almost a factor of 4
above design. The achieved emittance ratio was
ten times smaller than expected.

The achieved instantaneous luminosity is
shown in Figure 1 for each year of LEP operation.
The design luminosities are indicated for both
LEP1 and LEP2. It is seen that the LEP1 design
luminosity was reached and surpassed in the fifth
year at 45.6 GeV, exploiting the Pretzel scheme
with an increased number of bunches per beam.
Highest luminosity at 45.6 GeV was achieved with
bunch train operation in the seventh year, when
the LEP1 peak luminosity reached 210% of its
design value. The highest LEP2 luminosities
reached about 400% of the LEP2 design value.
In the last year of LEP, peak luminosity was vol-
untarily reduced in order to maximize the beam
energy [16–18].

The integrated luminosity that was delivered
to the experiments was a function of the instan-
taneous (peak) luminosity and the accelerator ef-
ficiency. The efficiency in an accelerator is re-
duced due to the time required to diagnose and re-
pair problems, to set-up luminosity conditions, to
turn-around the fills (machine cycling, injection,
ramping, setting up of collisions), etc. The LEP

4

Table 3
LEP: design and reality.

Parameter Design Achieved

(55/95 GeV) (46/98 GeV)

Bunch Current 0.75 mA 1.00 mA

Total Beam Current 6.0 mA 8.4 mA/6.2 mA

Vertical Beam-beam parameter 0.03 0.045/0.083

Emittance ratio 4.0% 0.4%

Maximum Luminosity 16/27 1030cm−2s−1 34/100 1030cm−2s−1

Horizontal beta function at IP 1.75 m. 1.25 m.

Vertical beta function at IP 7.0 cm. 4.0 cm.

0

20

40

60

80

100

120

1988 1990 1992 1994 1996 1998 2000

Pe
ak

 L
um

in
os

ity
 [1

030
 c

m
-2

 s
   

]
-1

Year

Figure 1. Peak luminosity achieved in each year
of LEP operation. The dotted lines indicate the
LEP1 and LEP2 design values.

efficiency was constantly improved over the years:
a thorough cold-checkout minimized the number
of problems to be fixed with beam, a vertical re-
alignment of all quadrupoles ensured faster set-up
of nominal luminosity conditions, and the opera-
tional procedures were constantly improved for a
faster set-up of luminosity runs. The importance
of the improvements in accelerator efficiency is
shown in Figure 2, where the average delivered
luminosity per day is given for each year of LEP
operation. From Figure 1 we see that there was
no improvement in peak luminosity over the years
1990-1992. Nevertheless, improvements in the ef-
ficiency increased the luminosity production rate
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Figure 2. Luminosity delivered on average in one
day of accelerator operation for each year of LEP
running.

by a factor 2.6 during the same period. The pro-
duction rate for Z physics in 1994 was 17 times
larger than the one in 1989 and 6 times larger
than in 1990.

3. OPERATIONAL HISTORY

3.1. Commissioning
Commissioning started on the 14th July 1989

with the first beam injected into the machine. By
23rd July circulating beam had been established
and by 4th August a single beam had been taken
to 45.6 GeV. The first colliding beams were estab-
lished on the 13th August with the first Z boson
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This is the first RF superconducting cavity made of 
copper with a very thin layer of pure niobium 

deposited on the inner wall by sputtering.
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Table 1
Geometric parameters of LEP.

Parameter Symbol Value

Effective bending radius ρ 3026.42 m

Revolution frequency frev 11245.5 Hz

Length of circumference, L = c/frev L 26658.9 m

Geometric radius (L/ 2π) R 4242.9 m

Radio frequency harmonic number h 31320

Radio frequency of the RF -system, fRF = h frev fRF 352 209 188 Hz
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Overview of LEP performance from 1989 to 2000.
∫

Ldt is the luminosity integrated per experiment
over each year and Itot is the total beam cur-
rent 2kbIb. The luminosity L is given in units of
1030cm−2 s−1.
Year

∫

Ldt Eb kb Itot L

(pb−1) (GeV/c2) (mA)

1989 1.74 45.6 4 2.6 4.3

1990 8.6 45.6 4 3.6 7

1991 18.9 45.6 4 3.7 10

1992 28.6 45.6 4/8 5.0 11.5

1993 40.0 45.6 8 5.5 19

1994 64.5 45.6 8 5.5 23.1
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1997 73.4 90 - 92 4 5.2 47.0
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number of emitted photons. Consequently par-
ticles no longer lock on higher-order resonances
driven by the non-linear beam-beam force and
beam size blow up is reduced allowing the use of
higher bunch currents. Record beam-beam tune
shifts of about 0.08 were achieved.

The actually achieved performances are com-
pared to the LEP design parameters [5,14]. It
is noted, that the design beam energy for LEP1

was 55 GeV, significantly above the operational
LEP1 energy of around 45.6 GeV, as dictated by
the Z-mass. The design parameters used here are
taken from [5,14] and were not adjusted for this
discrepancy, as the changes would be small [15].
The design and achieved values for a number of
crucial LEP performance parameters are summa-
rized in Table 3. It is seen that LEP clearly sur-
passed all design expectations. In particular the
peak luminosity at LEP2 was almost a factor of 4
above design. The achieved emittance ratio was
ten times smaller than expected.

The achieved instantaneous luminosity is
shown in Figure 1 for each year of LEP operation.
The design luminosities are indicated for both
LEP1 and LEP2. It is seen that the LEP1 design
luminosity was reached and surpassed in the fifth
year at 45.6 GeV, exploiting the Pretzel scheme
with an increased number of bunches per beam.
Highest luminosity at 45.6 GeV was achieved with
bunch train operation in the seventh year, when
the LEP1 peak luminosity reached 210% of its
design value. The highest LEP2 luminosities
reached about 400% of the LEP2 design value.
In the last year of LEP, peak luminosity was vol-
untarily reduced in order to maximize the beam
energy [16–18].

The integrated luminosity that was delivered
to the experiments was a function of the instan-
taneous (peak) luminosity and the accelerator ef-
ficiency. The efficiency in an accelerator is re-
duced due to the time required to diagnose and re-
pair problems, to set-up luminosity conditions, to
turn-around the fills (machine cycling, injection,
ramping, setting up of collisions), etc. The LEP

LEP 1

LEP 2
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Figure 8 Cross section measurements for final states containing hadrons performed
by the L3 experiment over 11 years of LEP operation.

processes by the L3 experiment over 11 years of LEP operation. The hadronic Z
peak at

p

s ⇡ MZ is clearly visible. Above theZ peak, only 20% of this e+e�
! q  q

cross section produces full-energy q  q jets in the detector. The remaining 80% con-
tains one or more high-energy photons radiated in the initial state, and the e+e�

annihilation occurs at the Z mass. Figure 9 shows the background processes for
Higgs boson production at LEP.
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- The Bjorken process, usually called Higgs-strahlung, 
e+e-→HZ*→Hff, is the dominant production mechanism
- The Wilczek process, e+e−→Hγ, had much lower rate, 
but also important backgrounds: 

- e+e−→qqγ 
- e+e−→qqg, with a jet hadronizing to an energetic π0

Only the Higgs-strahlung process with Z→ee/µµ/vv has 
been extensively explored and searches were divided in 
two regions:
- “Low” mass (mH<20 GeV)
- “High” mass (mH>20 GeV)
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Figure 4 Higgs boson production in Z de-
cays at LEP1: the Bjorken (a) and Wilczek (b)
process.

masses below 2mµ, the Higgs boson essentially decays to a pair of electrons, and
below 2m⇡ and above 2mµ it predominantly decays to a pair of muons. Above the
2m⇡ threshold, the situation becomes slightly more intricate. For masses below
2–3GeV/c2, theHiggs boson decays to a pair of hadrons via its interactionwith two
gluons through a top-quark loop or its interaction with quarks. The hadronization
of these gluons becomes increasingly complex at higher Higgs boson masses.
Figure 5a depicts the branching ratios of the Higgs boson in this “nonperturbative
QCD” mass range (21).

2.3. The Perturbative QCD Domain (2 < mH up to ⇠20 GeV/c 2)

The transition to perturbative QCD is suggested by the smooth variation of the
branching ratios above⇠2GeV/c2 (21, 22).Within the “perturbativeQCD”domain

Figure 5 Higgs boson branching fractions (a) in the “nonperturbative QCD” low-mass
range and (b) for heavier mass hypotheses.
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184 A. Sopczak / Physics Reports 359 (2002) 169–282

Fig. 2.6. Feynman graph of Higgsstrahlung production.

Fig. 2.7. Higgs boson production rate as a function of the Higgs boson mass per one million hadronic Z decays.

range between 10 MeV and 100 GeV. For the experimental analysis, a low and a high Higgs
boson mass range can be distinguished, since in the !rst case, many di"erent decay modes are
important and in the second case the b#b decay mode is dominant.
(a) Low-mass Higgs boson range. In the low-mass range (mH¡ 15 GeV) the Higgs boson

can decay into many di"erent quark and lepton channels, if the decay is kinematically allowed.
An uncertainty of the Higgs boson decay branching ratios is due to the uncertainty of the bare
quark masses, which determine the coupling strength for the quarks to the Higgs boson. For
Fig. 2.8 the following bare quark masses were taken: mu =5 MeV; md =10 MeV; ms = 150MeV;
mc = 1:5 GeV; mb =5 GeV. However, the experimental thresholds for Higgs boson decay into
quark pairs are determined by the mass of the corresponding meson pair. The lightest possible
Higgs boson decay into quarks is h → !! for mH¿ 270 MeV. In the range between 2m! and
2 GeV, the gluon pair-production via a triangle loop-diagram involving all fermions can be the
dominant channel as pointed out in Refs. [53–55]. In this region non-perturbative fragmentation
e"ects are important and the expected branching ratio into muons, pions and kaons is uncertain.
QCD corrections [56] decrease the partial width into quarks, thus enhancing the "+"− branching
ratio.
Very light Higgs bosons decay into a #+#− or e+e− pair. As outlined in Section 2.2, Higgs

bosons could also decay with secondary vertices in the case of very small masses owing to
their long lifetime. Finally, it should be pointed out that even for heavy Higgs bosons which
would be accessible in the mass reach of LEP, the Higgs boson decay width is negligibly small.
Thus, in all searches for the Higgs boson at LEP, the resolution of the mass reconstruction is
determined only by the detector resolution.
(b) High-mass Higgs boson range. In the high-mass range (mH¿ 15 GeV) the dominant

Higgs boson decay is H → b#b. Fig. 2.9 shows the H and Z decay rates. The Higgs boson
production in association with Z? → q #q is the dominant channel, but it is not used because of
the very similar event topology and large production rate of the hadronic background. Therefore,
the search is performed in the neutral and charged lepton channels.

Higgs boson production rate vs mH 
events per 106 hadronic Z decays.
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Fig. 2.4. !2-!t on the Higgs boson mass from Z-lineshape measurements. The central value is in the mass region
already excluded at LEP-2 (shaded area). The "!2 curve can be interpreted as an indirect upper Higgs boson mass
limit.

Fig. 2.5. Measured top and W masses with error ellipses. In the MSM (grey region) light Higgs boson masses are
favored.

2.1.7. Implications for the Higgs boson search at LEP-1
This section summarizes the MSM Higgs boson production and decay at LEP-1 energies

around the Z pole. In the Higgs boson bremsstrahlung process [45–47], called Higgsstrahlung,
the Z decays into a Higgs boson and an o#-mass-shell Z: e+e− → Z → HZ?, as illustrated in
Fig. 2.6. The di#erential rate for this process, normalized to the Z→ f $f decay rate, is given at
the tree level as a function of the Higgs boson mass by [48]

1
"(Z→ #+#−)

d"(Z→ Hf $f )
dx

=
$

4% sin2 &W cos2 &W

×(1− x + x
2=12 + 2r2=3)(x2 − 4r2)1=2

(x − r2)2 + ("Z=mZ)2
; (2.22)

where $ is the !ne structure constant, &W the Weinberg angle, x=2EH=mZ; EH the energy of
the Higgs boson and r ≡ mH=mZ. The total production rate is obtained by integration over the
kinematic range 2r6 x6 1 + r2.
Fig. 2.7 shows the number of expected Higgs events, normalized to one million hadronic

Z decays for (a) the neutrino channel where Z? decays into neutrino pairs, and (b) the
muon channel where Z? decays into a muon pair. Radiative corrections have been taken into
account by the Improved Born Approximation [49] and by top triangle graph contributions
[50,51].
The Higgs boson decay mode determines the Higgs signature in the detectors. Fig. 2.8 (from

Ref. [52]) presents the possible Higgs boson decays and partial widths in the Higgs boson mass
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the Higgs boson and r ≡ mH=mZ. The total production rate is obtained by integration over the
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Fig. 2.7 shows the number of expected Higgs events, normalized to one million hadronic

Z decays for (a) the neutrino channel where Z? decays into neutrino pairs, and (b) the
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account by the Improved Born Approximation [49] and by top triangle graph contributions
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Ref. [52]) presents the possible Higgs boson decays and partial widths in the Higgs boson mass
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Fig. 2.13. Higgs boson decay length (a) below and (b) above the H→ !+!− threshold.

Fig. 2.14. DELPHI number of expected very low-mass Higgs boson events. The result of an analysis of a Higgs
boson decaying outside the detector without leaving a direct signature is combined with an analysis where the Higgs
boson travels in the detector before its decay, leaving a V-shape signature.

Secondary vertices. A displaced vertex is expected for very low Higgs boson masses as
illustrated in Fig. 2.12. For mH¡ 2m! the Higgs boson has a decay length such that it does
not decay at the primary interaction point. Two signatures can be distinguished: (a) the Higgs
decays outside the detector, and (b) the Higgs decays inside the detector material, leaving a
‘V’ signature. Fig. 2.13 (from Ref. [68]) shows the decay length.
Searches for these signatures have been performed by all LEP experiments, and no indication

of a signal has been observed [57,69–72]. An example of the number of expected Higgs boson
events from an earlier analysis is given in Fig. 2.14 (from Ref. [69]).

2.3. Search in the high-mass range

This section explains the search strategy, compares the numbers of signal and background
events and discusses systematic errors contributing to setting a mass limit. The LEP-1 results
reported by ALEPH, DELPHI, L3 and OPAL are reviewed in detail. The integrated luminosities
delivered to each LEP experiment are shown in Table 2.4 and in Fig. 2.15. Table 2.5 gives an
overview of the covered mass ranges.
The production process is shown in Fig. 2.6 and the branching into the di!erent possible

search channels are shown in Fig. 2.9. The Hq "q channel with the largest branching fraction is
not investigated due to the large hadronic background. Therefore, only results for the H"" and
Hll channels are reviewed. Fig. 2.16 shows a diagrammatic view of a high-mass Higgs boson
signal for the neutrino, electron and muon, and tau search channels.

H→µ+µ- 
threshold
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186 A. Sopczak / Physics Reports 359 (2002) 169–282

Fig. 2.10. Diagrammatic view of a mono-jet Higgs boson signal. The mono-jet results from a small invariant mass
between two quarks of the decay of a light Higgs boson.

Fig. 2.11. Diagrammatic view of a light Higgs boson signal with various !nal states. In this case the Higgs boson
cannot decay into a pair of heavy quarks and a light meson or lepton pair is expected.

Fig. 2.12. Diagrammatic view of a Higgs boson signal with a secondary vertex. In this case the Higgs boson lifetime
is so large that the Higgs boson travels in the detector before it decays. This is expected for a Higgs boson mass
below the decay threshold into a muon pair. For an even lighter Higgs boson mass the Higgs boson can travel
through the detector without leaving a trace and only the decay products of the associated Z decay can be detected.

Table 2.3
L3 selection e"ciencies (in %) for a low-mass Higgs boson in the He+e− channel, for the Higgs decaying into
charged particles

mH (GeV) 0.01 0.1 0.22 0.3 1.0 3.6

H→ e+e− 8.2 7.4 — — 13.6 —
H→ !! — — 22.0 — 28.0 24.0
H→ "+"− — — — 9.4 17.0 15.0
H→ K+K− — — — — 13.0 16.0

Mono-jets 
- Monojets are expected for mH between ~4 and 20 GeV. 
- The mono-jet results from a small invariant mass between 
two quarks of the decay of a light Higgs boson. 
- Such mono-jets have not been observed and the mass 
region is excluded at 99% CL for the SM Higgs boson
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between two quarks of the decay of a light Higgs boson.
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below the decay threshold into a muon pair. For an even lighter Higgs boson mass the Higgs boson can travel
through the detector without leaving a trace and only the decay products of the associated Z decay can be detected.

Table 2.3
L3 selection e"ciencies (in %) for a low-mass Higgs boson in the He+e− channel, for the Higgs decaying into
charged particles

mH (GeV) 0.01 0.1 0.22 0.3 1.0 3.6

H→ e+e− 8.2 7.4 — — 13.6 —
H→ !! — — 22.0 — 28.0 24.0
H→ "+"− — — — 9.4 17.0 15.0
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Various final states
For mH< 4 GeV many possibilities for Higgs boson decays. No signal has been 
observed and the mass region below 4 GeV is excluded at 99% CL
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Fig. 2.10. Diagrammatic view of a mono-jet Higgs boson signal. The mono-jet results from a small invariant mass
between two quarks of the decay of a light Higgs boson.

Fig. 2.11. Diagrammatic view of a light Higgs boson signal with various !nal states. In this case the Higgs boson
cannot decay into a pair of heavy quarks and a light meson or lepton pair is expected.

Fig. 2.12. Diagrammatic view of a Higgs boson signal with a secondary vertex. In this case the Higgs boson lifetime
is so large that the Higgs boson travels in the detector before it decays. This is expected for a Higgs boson mass
below the decay threshold into a muon pair. For an even lighter Higgs boson mass the Higgs boson can travel
through the detector without leaving a trace and only the decay products of the associated Z decay can be detected.

Table 2.3
L3 selection e"ciencies (in %) for a low-mass Higgs boson in the He+e− channel, for the Higgs decaying into
charged particles

mH (GeV) 0.01 0.1 0.22 0.3 1.0 3.6

H→ e+e− 8.2 7.4 — — 13.6 —
H→ !! — — 22.0 — 28.0 24.0
H→ "+"− — — — 9.4 17.0 15.0
H→ K+K− — — — — 13.0 16.0
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Fig. 2.10. Diagrammatic view of a mono-jet Higgs boson signal. The mono-jet results from a small invariant mass
between two quarks of the decay of a light Higgs boson.

Fig. 2.11. Diagrammatic view of a light Higgs boson signal with various !nal states. In this case the Higgs boson
cannot decay into a pair of heavy quarks and a light meson or lepton pair is expected.

Fig. 2.12. Diagrammatic view of a Higgs boson signal with a secondary vertex. In this case the Higgs boson lifetime
is so large that the Higgs boson travels in the detector before it decays. This is expected for a Higgs boson mass
below the decay threshold into a muon pair. For an even lighter Higgs boson mass the Higgs boson can travel
through the detector without leaving a trace and only the decay products of the associated Z decay can be detected.

Table 2.3
L3 selection e"ciencies (in %) for a low-mass Higgs boson in the He+e− channel, for the Higgs decaying into
charged particles

mH (GeV) 0.01 0.1 0.22 0.3 1.0 3.6

H→ e+e− 8.2 7.4 — — 13.6 —
H→ !! — — 22.0 — 28.0 24.0
H→ "+"− — — — 9.4 17.0 15.0
H→ K+K− — — — — 13.0 16.0

Secondary vertices
For mH<2mµ the Higgs boson does not 
decay at the primary interaction point. Two 
signatures can be distinguished, where 
the Higgs boson:
(a) decays outside the detector, 
(b) decays in the detector material (‘V’ 
signature) 
No signal has been observed either...
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Fig. 2.8. Higgs boson decay modes and their partial widths. A heavy Higgs boson decays predominantly into a b!b
pair. For smaller masses the Higgs decays into charm or strange quarks, and for masses below the quark threshold
it decays into a pair of leptons.

Fig. 2.9. Higgs and Z boson decay fractions for a Higgs boson mass of 60 GeV. The search channels are determined
by the particles from the decays of Higgs and Z bosons.

2.2. Search in the low-mass range

In this section the mass region below the b!b threshold is addressed for the Z→ Z?H process.
A search for Higgs bosons in this mass region was important, since the Higgs boson signature
depends strongly on its mass. Thus, the Higgs boson could have been discovered in various
low-mass search channels. Furthermore, the Higgs boson could have a lower production rate
than predicted in the MSM, in which case these low-mass signatures are also important, although
the MSM Higgs boson mass limit is already at a higher mass. The search for Higgs bosons with
low mass has become less important in the last few years, since very large production rates
are expected in the MSM and even with large suppression of the production cross section, this
mass region has been ruled out during the "rst years of data-taking. There are three classes of
signatures (Figs. 2.10–2.12) in the low-mass Higgs boson range: mono-jet type events, Higgs
boson decays into various light hadronic "nal states, and events with secondary vertices.
Mono-jets. Mono-jets are expected in this mass region between about 4 and 15 GeV.

Fig. 2.10 shows an example of a mono-jet recoiling to an e+e− or !+!− pair, and a mono-jet
signature recoiling to a " !" pair. Such mono-jets have not been observed and the mass region is
excluded at 99% CL for the MSM Higgs boson [57–67].
Various !nal states. Various "nal states are expected as illustrated in Fig. 2.11. No indication

of a Higgs signal in any channel has been found, and the mass region below 4 GeV is excluded
at 99% CL [57–67]. As an example, Table 2.3 summarizes the He+e− Higgs decay channels
investigated by L3 and gives the corresponding Higgs boson detection e#ciencies.

mH=60 GeV

Only the Hvv and the Hll channels considered, the Hqq 
channel suffers from large hadronic backgroundA. Sopczak / Physics Reports 359 (2002) 169–282 189

Fig. 2.16. Diagrammatic view of a high-mass Higgs boson signal for the neutrino, electron and muon, and tau
search channels.

2.3.1. H!! results
The decay of the Higgs boson leads to two acoplanar jets and the neutrinos from the Z decay

to large missing energy. The dominant physics background arises from hadronic events where
some energy is not detected. The analysis strategy is similar for all experiments. First, an event
preselection is applied in order to use the di!erence in the basic event topology between signal
and background. The measured visible energy is required to be low, since much energy escapes
undetected in signal events because of the neutrino production, while in the background from
hadronic events almost all energy is deposited in the detector. This background is further reduced
by the fact that the jets are mostly back-to-back, while for the signal a large acoplanarity (in the
plane perpendicular to the beam axis) between the two jets is expected. After the preselection,
further variables are de"ned which separate signal and background. These involve for example
how well the missing energy direction is separated from the jets. For the background a smaller
value is expected. Typically 15 selection variables are de"ned and "ne tuned with signal and
background simulation. Then they are applied to the data. This procedure ensures that the
analysis is unbiased by the data. As an example, details from the ALEPH event selection are
given in Appendix A.1.1. In the following, for each experiment the number of observed events
and the expected background are given. Furthermore, systematic errors are discussed for each
experiment. A quantitative summary of all systematic errors is given at the end of this section.
All systematic errors are included in the derivation of the Higgs boson mass limits. Individual
mass limits are given for each experiment after the presentation of the results in the Hll channel.
ALEPH. ALEPH has observed no candidate event in this channel [57,58]. In the mass range

50–70 GeV a background of 0:62± 0:09 events is expected from four-fermion processes (0.42
from ! #!q #q and 0.20 from "+"−q #q) and 0:50±0:47 from e+e− → q #q. The four-fermion processes
are illustrated in Fig. 2.17. The detection e$ciency is 38.3% for a 60 GeV and 29.8% for 65 GeV
Higgs boson.
The detection e$ciencies and the number of expected background events are determined

by Monte Carlo simulation and can therefore be a!ected by systematic e!ects of the detector
simulation. In order to study these systematic e!ects, a data sample of multi-hadronic events
with a hard photon is selected. These events result from the radiative process e+e− → q #q# or
from the decay of an energetic $0 in one of the jets. The photon must have more than 20 GeV
and a polar angle such that |cos %|¡ 0:95. Also, the photon is required not to be in the vicinity

Hvv
- Higgs boson decay leads to jets not back-to-back in Δφ 
and missing energy from Z→vv
- dominant background arises from hadronic events with 
spurious missing energy

Hll
- Higgs boson decay leads to two jets and a lepton pair
- dominant background arises from semileptonic decays Z→bb→eeX and 
four fermion process ee→eeqq
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Fig. 2.17. Feynman graphs of four-fermion background. The reactions for the annihilation, two-photon,
bremsstrahlung and conversion process are shown.

of a charged particle track. In order to have the best possible measurement of the photon
energy, it is required not to be near a non-instrumented inter-module gap of the electromagnetic
calorimeter.
The photon is then removed from the event and the remaining hadronic part of the event is

passed through the preselection. 5857 events are selected. There are two cases. In one case, an
event is a genuine q !q! event, then the photon is typically isolated from the jets. This event
is similar to the mainly two-jet H" !" signal. On the other hand, an event with the #0 decay
resembles the three-jet background with the energy of at least one jet mismeasured. Thus, both
simulated signal e"ciency and background rejection can be checked using such a data sample.
In order to check the Monte Carlo simulation, the simulated hadronic events with an energetic
photon are selected, passed through the preselection and then compared with the data sample
using an absolute normalization.
As an example, Fig. 2.18 (from Ref. [58]) shows the distribution of the isolation angle A for

data and simulated events. The good agreement in the region where genuine qq! are dominant
gives con#dence in the determination of the detection e"ciency at the level of 1%. Also, the
distribution agrees well between simulation and data in the region of hadronic events with an
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 9

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

P. Janot
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14
SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 10

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 ?

--

--

P. Janot

- Visible invariant mass < 70 GeV
- ≥8 charged tracks with |cosθ|<0.9
- Τracks from collision point 
(20 cm in z and 2 cm coaxial).
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 11

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:

P. Janot

Fraction of energy beyond 30◦ is >60% 
energy within 12◦< 3 GeV
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 12

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--

To reject events with back-to-back 
jets from Z decays, events are 
divided into two hemispheres by a 
plane perpendicular to the thrust 
axis. The angle of the total 
momenta measured in the two 
hemispheres defines the 
acollinearity angle.

P. Janot
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17
SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 13

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--

P. Janot
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 14

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

P. Janot
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 15

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

P. Janot
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 16

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

P. Janot
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 17

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

P. Janot
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Fig. 2.23. ALEPH number of expected e+e− → HZ events. The intersection of the line of expected events with the
line of 95% CL marks the observed mass limit. Two candidate events increase the 95% CL line according to the
measured mass resolution.

Table 2.7
DELPHI H‘+‘− candidate events and their reconstructed masses. No accumulation at one mass is observed and no
candidate is selected above 35 GeV

Year Channel Reconstructed mass

1990 e+e− 35:4± 5:0
1992 e+e− 15:4+3:8−3:2
1992 e+e− 19:2+3:7−2:3
1992 e+e− 18:9+4:8−1:9
1992 !+!− 27:8± 1:9

The systematic errors are estimated by varying the selection criteria. For a 60 GeV Higgs
boson in the He+e− channel, the resulting change of the selection e!ciency is between −3:0%
and +1:3%. For a 70 GeV Higgs boson the systematic error reduces the selection e!ciency
by −7:5%. In the H!+!− channel, the variation of the selection criteria results in a change
of the selection e!ciency between −0:6% and +0:7% for a 60 GeV Higgs boson and up to
−2:7% for a 70 GeV Higgs boson. The statistical error is about 1.5% for the electron and muon
channel.
The Higgs boson mass limit is derived from the combination of the neutrino and both charged

lepton channels. Fig. 2.24 shows the selection e!ciencies for the three search channels. The
number of expected events is reduced by one standard deviation of the systematic error and in
addition by 2% because of the uncertainty in the Higgs boson production and decay, and 0.5%
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Fig. 2.24. DELPHI e!ciency and number of expected e+e− → HZ events based on the event sample of 1.0 million
hadron Z decays. The individual results from the neutrino, electron and muon channels are shown as well. In the
absence of high mass candidate events the 95% CL line is at 3.0 and the intersection with the number of expected
events gives the mass limit of 55:7 GeV.

because of the normalization uncertainty of the number of hadronic Z decays. Fig. 2.24 (from
Ref. [60]) shows the number of expected events in each channel separately and the combined
number of expected events. In the absence of candidate events in the 50 GeV mass region, the
limit is set where the number of expected events intersects the 3.0 event line for a 95% CL.
The mass limit is 55:7 GeV [59,60]. An update with 1.6 million hadronic events increased this
limit to 58:3 GeV [73].
L3. L3 "nds two candidate events in the He+e− selection. The "rst event has a recoil mass of

31:4±1:5 GeV, recorded in 1991, and the second has a recoil mass of 67:6±0:7 GeV, recorded
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Table 2.9
L3 number of expected e+e− → HZ events. The rate in the neutrino channel is much larger because of the larger
Z→ ! !! branching compared to Z→ e+e− and Z→ "+"−

mH (GeV) 50 55 60 65 70

H! !! channel 11.30 5.30 2.17 0.553 0.113
He+e− channel 2.50 1.27 0.57 0.228 0.072
H"+"− channel 1.88 0.92 0.42 0.145 0.006

Fig. 2.25. L3 number of expected e+e− → HZ events. The mass limit of 60:2 GeV is set where the line of expected
events intersects the 95% CL line. The candidate at 67:6±0:7 GeV increases the 95% CL line from 3.0 to 4.7 with
the given mass resolution.

with full detector simulation was used to determine the number of fake lepton pairs. In general,
fake leptons can occur in rare cases in the following scenarios.

• Electrons could be faked from an overlap of a charged hadronic track with a photon or #0.
Also, photons could convert in the detector material, leading to an electron pair.

• Fake muons could be detected if punch-through occurs. In this case, charged particles pass
the calorimeters and enter the muon chambers.

A subsample of the simulated hadronic Z decays is chosen where the lepton identi"cation is not
applied and the lepton isolation is loosened. Then, the lepton identi"cation is applied, and the
resulting rejection factor is 7×10−4. Now, the full data sample is taken and all cuts except the
lepton identi"cation are applied. The resulting rejection factor is 2 × 10−6. The resulting total
rejection factor is 1:4× 10−9 and less than 0.01 hadronic Z events are expected in the ‘+‘−q !q
data sample.
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Fig. 2.26. OPAL number of expected e+e− → HZ events. The mass limit from the H‘+‘− alone is 60:6 GeV. This
limit is reduced to 59:6 GeV when combined with the H!! channel because of a candidate event in the region where
the limit is set.

The detection e!ciencies and the number of expected Higgs boson events in the mass range
50–70 GeV are summarized in Table 2.11. Table 2.12 summarizes the systematic and statistical
errors.

2.4. Combination of the search results from all LEP experiments

In order to derive a combined mass limit, "rst the Higgs boson candidates from the LEP
experiments are reviewed. One of the three ALEPH H"+"− candidate events described in the
previous section is shown in Fig. 2.27 (from Ref. [58]). The recoiling mass of the "+"−
pairs is 49:7 GeV. Fig. 2.28 (from Ref. [62]) shows a He+e− candidate from the L3 selection.
Table 2.13 lists the Higgs boson candidates [57–67] in the mass range from 30 to 70 GeV. The
most precise measurement of the mass corresponding to the Higgs mass is calculated from the
e+e− and "+"− pairs (recoiling mass). Note that the OPAL low-mass candidates, described in
the previous section, are not listed. Table 2.14 summarizes the Higgs boson mass limits in the
MSM given by the LEP experiments [57–67,73].
The number of expected events is given by each LEP experiment [57–67,73], and shown

in Fig. 2.29 for combined data corresponding to a total of 14 million hadronic Z decays.
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Table 2.12
Overview of systematic and statistical errors in per cent. Details are given in the text

Experiment Channel Production Selection Statistics Total

ALEPH H! !! 0.7 1.0 0.2 ¡ 2
He+e− 0.7 1.0 0.2 ¡ 2
H"+"− 0.7 1.0 0.2 ¡ 2

DELPHI H! !! 2.0 ¡ 3:7 1.6 ¡ 4:5
He+e− 2.0 ¡ 7:5 1.5 ¡ 7:9
H"+"− 2.0 ¡ 2:7 1.6 ¡ 3:7

L3 H! !! 1.7 0.35 2.4 3.1
He+e− 1.7 ¡ 3 1.5 3.8
H"+"− 1.7 6.5 2.4 6.9

OPAL H! !! 1.3 ¡ 1 3.2 3.5
He+e− 1.4 5 5 7
H"+"− 1.4 5 5 7

Fig. 2.27. ALEPH 49:7 GeV H"+"− candidate. The muons are pointing to the upper left corner, opposite the
hadronic activity.
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Table 2.12
Overview of systematic and statistical errors in per cent. Details are given in the text

Experiment Channel Production Selection Statistics Total

ALEPH H! !! 0.7 1.0 0.2 ¡ 2
He+e− 0.7 1.0 0.2 ¡ 2
H"+"− 0.7 1.0 0.2 ¡ 2

DELPHI H! !! 2.0 ¡ 3:7 1.6 ¡ 4:5
He+e− 2.0 ¡ 7:5 1.5 ¡ 7:9
H"+"− 2.0 ¡ 2:7 1.6 ¡ 3:7

L3 H! !! 1.7 0.35 2.4 3.1
He+e− 1.7 ¡ 3 1.5 3.8
H"+"− 1.7 6.5 2.4 6.9

OPAL H! !! 1.3 ¡ 1 3.2 3.5
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Fig. 2.27. ALEPH 49:7 GeV H"+"− candidate. The muons are pointing to the upper left corner, opposite the
hadronic activity.
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Fig. 2.28. L3 67:6 GeV He+e− Higgs boson candidate shown in the plane perpendicular to the beam line. The lines
in the TEC represent the reconstructed charged tracks. The size of the symbols indicating individual calorimetric
hits (towers in the BGO electromagnetic calorimeter and boxes in the hadron calorimeter) corresponds to the energy
deposition in that hit. The towers which appear in the TEC region in this projection belong to the BGO endcaps.

Table 2.13
Overview of high-mass Higgs boson candidates in the range 30 to 70 GeV. The candidates are distributed over
a large mass range

Experiment Event type Year Mass (GeV)

ALEPH !+!−q !q 1993 51:4± 0:5
!+!−q !q 1994 49:7± 0:5
!+!−q !q 1995 66:9± 0:3

DELPHI e+e−q !q 1990 35:4± 5:0

L3 e+e−q !q 1991 31:4± 1:5
e+e−q !q 1992 67:6± 0:7

OPAL !+!−q !q 1993 61:2± 1:0
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Fig. 2.28. L3 67:6 GeV He+e− Higgs boson candidate shown in the plane perpendicular to the beam line. The lines
in the TEC represent the reconstructed charged tracks. The size of the symbols indicating individual calorimetric
hits (towers in the BGO electromagnetic calorimeter and boxes in the hadron calorimeter) corresponds to the energy
deposition in that hit. The towers which appear in the TEC region in this projection belong to the BGO endcaps.

Table 2.13
Overview of high-mass Higgs boson candidates in the range 30 to 70 GeV. The candidates are distributed over
a large mass range

Experiment Event type Year Mass (GeV)

ALEPH !+!−q !q 1993 51:4± 0:5
!+!−q !q 1994 49:7± 0:5
!+!−q !q 1995 66:9± 0:3

DELPHI e+e−q !q 1990 35:4± 5:0

L3 e+e−q !q 1991 31:4± 1:5
e+e−q !q 1992 67:6± 0:7

OPAL !+!−q !q 1993 61:2± 1:0
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Table 2.11
Overview of detection e!ciencies for a 50– 70 GeV Higgs boson. The e!ciencies in brackets are determined by
interpolation from the nearest Higgs boson masses used in the publication

Experiment E!ciency (%) Expected events

H! "! He+e− H"+"− H! "! He+e− H"+"− Sum

mH =50 GeV
ALEPH (46.2) (46.1) (46.1) 25.2 8.45 33.6
DELPHI 50.0 35.6 52.8 8.0 0.96 1.8 10.8
L3 34.8 46.6 36.1 11.3 2.5 1.88 15.7
OPAL (38.6) (24.2) (30.8) 20.4 (2.0) (2.8) 25.2

mH =55 GeV
ALEPH (41.7) (51.2) (51.2) 12.2 4.2 16.5
DELPHI 45.6 36.6 54.5 4.0 0.56 0.67 5.3
L3 (30.1) (54.3) (38.4) 5.3 1.3 0.92 7.5
OPAL (31.7) (24.9) (29.7) 8.7 (1.0) (1.0) 10.7

mH =60 GeV
ALEPH 38.3 39.4 48.1 5.12 1.27 0.92 7.0
DELPHI 34.5 32.4 54.0 1.6 0.26 0.38 2.3
L3 28.6 42.2 32.3 2.17 0.57 0.42 3.2
OPAL 25.7 21.5 30.8 3.4 0.45 0.65 4.5

mH =65 GeV
ALEPH 29.8 (34.7) (34.7) 1.73 0.69 2.42
DELPHI 22.0 29.8 48.2 0.40 0.07 0.16 0.63
L3 16.0 39.9 26.2 0.55 0.23 0.16 0.93
OPAL 15.1 (18.0) (22.1) 0.8 (0.15) (0.15) 1.1

mH =70 GeV
ALEPH (26.7) (27.7) (27.7) (0.52) (0.16) (0.68)
DELPHI 10.6 17.1 37.7 0.06 0.02 0.04 0.12
L3 9.2 35.8 3.3 0.11 0.07 0.01 0.19
OPAL 13.0 17.1 21.6 (0.24) (0.58) (0.007) (0.31)

To a good approximation, a combined Higgs mass limit can be set by the summation of the
number of expected Higgs events. The calculation of the 95% CL limit takes the background
events into account and corrects for a reduction of up to 25% due to tighter selection cuts with
increasing statistics. This reduction is introduced since a larger luminosity, corresponding to the
combined data set of the four LEP experiments, gives also a higher background. Consequently,
experiments would tighten their selection cuts to optimize the sensitivity. An example of how the
detection e!ciency decreases with increasing luminosity is given in Table A.1. The combined
mass limit for LEP-1 is

mH¿ 65:6 GeV :
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Table 2.14
Overview of individual Higgs boson mass limits at 95% CL from the LEP-1 results. Similar mass limits are observed
by all LEP experiments, although the size of the analyzed data sample varies between them, since the Higgs boson
production cross section decreases quickly for heavy Higgs bosons

ALEPH DELPHI L3 OPAL

Data sample 1989–1995 1990–1993 1990–1994 1990–1995
Hadronic Z decays (106) 4.5 1.6 3.1 4.4
Mass limit (GeV) 63.9 58.3 60.1 59.6

Fig. 2.29. Combined Higgs boson mass limit. The numbers of expected events to be observed in individual ex-
periments and their summation. A reduction factor is applied as explained in the text. The lower solid line gives
the 95% CL limit, taking into account the observed candidate events, their mass resolution and the background
expectation.

The !nal combined mass limit varies less than about 1 GeV from that calculated by other
methods [79–82].
The evolution of the combined mass limits, using the method described before, is shown in

Table 2.15. The evolution of the Higgs mass limits for each experiment is shown in Fig. 2.30.
The sensitivity is compared assuming 50% e"ciency in the H!+!−, He+e− and H" #" channels.
Fig. 2.29 shows that, with larger statistics, the reduction of four-fermion background is crucial

for high sensitivity, since the e$ect of the background events is clearly seen in the 95% CL
line. This has been achieved with enhanced microvertex application for b-quark tagging.

A. Sopczak / Physics Reports 359 (2002) 169–282 207

Table 2.15
Evolution of LEP-1 Higgs boson lower mass limits at 95% CL. The combined mass limits can be compared
directly since the same method of combination was used as described in the text. The !nal LEP-1 mass limit was
almost reached with the inclusion of the 1994 data. Signi!cantly higher mass sensitivity required an increase of the
center-of-mass energy beyond the scope of LEP-1

Including data of year 1991 1993 1994 1995

Hadronic Z decays (106) 2.0 6.0 12 14
Combined limit (GeV) 59.3 [83] 63.5 [84] 65.1 [85] 65.6 [86]

Fig. 2.30. Evolution of Higgs boson mass limits. The solid line shows the expected sensitivity taking 50% detection
e"ciency in the search channels. With increasing luminosity the mass limit lies below this line since the selection
cuts have to be tightened to cope with the increasing background in order to obtain roughly zero background.

3. One-doublet and one-singlet model

3.1. Theoretical framework

A straightforward class of extensions of the MSM which are qualitatively di#erent from the
MSM is the Majoron-type models [87–91]. In addition to the Higgs doublet or triplet !elds, the
characteristic feature of the Majoron models is the presence of a complex SU(2)×U(1) singlet
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Higgs Boson Searches at LEP 1: Higgs Boson Searches at LEP 1: ResultResult
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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 !



K. Nikolopoulos Jan, 2014Higgs Boson Physics

LEP 2: Higgs boson Production

30

LEP2 was initially scheduled to run up to √s=200 GeV
Here again Higgs-strahlung, e+e-→HZ*→Hff, expected to be the dominant production mechanism
Also some contribution from WW fusion.

10 Oct 2002 10:47 AR AR172-NS52-03.tex AR172-NS52-03.sgm LaTeX2e(2002/01/18) P1: IBD

SEARCHES FOR HIGGS BOSONS AT LEP 75

3. THE LEP2 ERA

3.1. Signal Characteristics

The dominant cross sections for Higgs production at LEP2 follow from the di-
rect coupling of the Higgs scalar to the Z and W vector bosons. This means, in
particular, that the production cross sections are directly related to the Higgs mech-
anism for electroweak symmetry breaking and are not strongly dependent on the
couplings of the Higgs field to fermions. Figure 6 shows the tree-level Feynman
diagrams for the Higgs-strahlung and fusion processes (28–30). The cross sections
are calculated taking into account the interference for the H⌫e  ⌫e and He+e� final
states. Figure 7 shows the contributions to the total Higgs production cross sec-
tion at a center-of-mass energy of 206.6 GeV and the total cross section at

p

s =

209 GeV. These correspond, respectively, to center-of-mass energies of the highest
statistical significance to the Higgs boson search and to the highest achieved LEP
energy.

The kinematic threshold for Higgs boson production is clearly visible in
Figure 7 where the cross section falls rapidly around m thres =

p

s � mZ . Above
m thres, the Higgs-strahlung process is still dominant because of the width of the
Z , even though the relative contribution of the WW fusion increases. The reach
of the LEP Higgs search, therefore, critically depended on the LEP energy and
luminosity.

The Higgs branching ratios are plotted in Figure 5. The dominant branching
ratio continues to be the H ! b  b decay mode in the Higgs mass region accessible
to production at LEP. The uncertainties in the branching ratios come primarily
from uncertainty in the effective quark masses.

The standard-model Higgs boson search was performed for a set of channels,
categorized by the Higgs decay and the pair of fermions either from Z decay or
the fusion processes. Table 3 lists the percentages of Higgs events in the different
channels formH = 115 GeV/c2 and

p

s = 206.5 GeV. The Higgs decay branching
ratios for mH = 115 GeV/c2 add up to 91.1%, with the remaining percentage
primarily producing the H !WW⇤ decay. This decay mode, which contains a
number of search channels, has an insufficient sensitivity to contribute significantly
to the standard-model search at LEP.

Figure 6 Diagrams of the Higgs-strahlung and the gauge boson fusion pro-
cesses of Higgs boson production at LEP2.
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Figure 7 Contributions to the total cross section for Higgs boson production in e+e�

collisions at
p

s = 206.6 GeV. The total production cross section at
p

s = 209 GeV,
the highest center-of-mass energy achieved at LEP, is also plotted.

3.2. Background Processes

Standard-model processes that occurred at LEP are in general well-modeled and
thus well-simulated. The main uncertainties in the modeling of background pro-
cesses are due to higher-order effects, such as the initial-state radiation (ISR)
of photons or the radiation of gluons in the final state. Figure 8 shows, for
final states containing hadrons, cross-section measurements of standard-model

TABLE 3 Percentage coverage of the channels in the standard-model Higgs search.
Expected percentages of Higgs events, based on the total production cross section, are
listed for mH = 115 GeV/c2 and

p

s = 206.5 GeV

Fermions from production process Higgs decay mode
(�[fb]@

p

s= 206.5 GeV) (Br[%]@mH = 115 GeV/c2)

Z Decay Fusion Interference b  b gg c  c ⌧+⌧�

70.1 fb 3.8 fb 2.8 fb 74% 6.6% 3.3% 7.2%

q  q (69.9% Z Decay) 4-Jet (53.6%) q  q⌧+⌧� (4.6%)
⌫µ  ⌫µ + ⌫⌧  ⌫⌧ (13.3% Z Decay)

⌫e  ⌫e (includes WW fusion) Missing energy (22.8%) ⌧+⌧�
+ /E (2.0%)

6.7% 92.1% 118%
µ+µ� (3.4% Z Decay)
e+e� (includes ZZ fusion) e+e�, µ+µ� (4.9%) 4-Lepton (0.6%)

3.4% 7.9% �18%
⌧+⌧� (3.4% Z Decay) ⌧+⌧�Hq  q (2.6%)
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Figure 9 Background processes to the Higgs boson production at LEP2. The typical
cross section of these processes for a center-of-mass energy of 200 GeV are given
as a guideline; note that some of those figures depend on acceptance and virtuality
requirements.
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Signal Signal vsvs Background Background (I)(I)
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The statistical estimator used in the LEP combinations is the logarithm of
ratio of likelihood functions for the signal-plus-background hypothesis and the
background-only hypothesis. Numerically, this consists of a weighted sum over
all bins of the distribution, given by

� 2 ln Q = 2 · stot � 2 ·

X

i
ni ln

✓
1+

si
bi

◆
. 2.

Here i is the index of the bin;ni , si , andbi are, respectively, the number of observed,
expected signal, and expected background events in the bin; and stot =

P
i si is the

total signal expected. The value of Q constructed in this way is precisely the local
likelihood ratio of the signal-plus-background hypothesis to the background-only
hypothesis. A negative value of �2 ln Q indicates a preference for the signal-
plus-background hypothesis. Because the separation power in the final variable
depends logarithmically on the local signal-to-background ratio, the distribution
of the final variable rebinned in log10(s/b) shows directly the most important
background regions of the search.
A further discussion of the statistical methods used in the LEP2 Higgs analyses

is included in the Appendix.

3.4. Search Channels and Topologies

Of the channels listed in Table 3, only four are used in the standard-model Higgs
search: four-jet, missing energy, `+`� pairs (e + µ), and ⌧+⌧� (see Figure 10).
The highest s/b ratio achieved in a search channel depends on the level of analysis
optimization and the detector performance. The highest signal-to-background
(s/b) ratio achieved in a search channel depends on the level of analysis optimiza-
tion and the detector performance. A comparison of the average s/b ratio versus
the number of expected signal events shows that the four-jet analyses of ALEPH
and DELPHI are the most powerful in the high-mH search (close to 115 GeV/c2).
In particular, these analyses achieve an average s/b ratio greater than unity for a
combined expectation of one signal event at mH = 115 GeV/c2.

Figure 10 Topologies involved in the search for the standard-model Higgs
boson at LEP2, missing energy, lepton pairs, ⌧+⌧�, fan-jets.
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Higgs

Z

The main channels at LEP2 were:
- Four jets
- Missing Energy
- l+l- pairs (e,µ)
- τ+τ- 



K. Nikolopoulos Jan, 2014Higgs Boson Physics

LEP 2: Four jets searches

32

10 Oct 2002 10:47 AR AR172-NS52-03.tex AR172-NS52-03.sgm LaTeX2e(2002/01/18) P1: IBD

80 KADO ⌅ TULLY

The statistical estimator used in the LEP combinations is the logarithm of
ratio of likelihood functions for the signal-plus-background hypothesis and the
background-only hypothesis. Numerically, this consists of a weighted sum over
all bins of the distribution, given by

� 2 ln Q = 2 · stot � 2 ·

X

i
ni ln

✓
1+

si
bi

◆
. 2.

Here i is the index of the bin;ni , si , andbi are, respectively, the number of observed,
expected signal, and expected background events in the bin; and stot =

P
i si is the

total signal expected. The value of Q constructed in this way is precisely the local
likelihood ratio of the signal-plus-background hypothesis to the background-only
hypothesis. A negative value of �2 ln Q indicates a preference for the signal-
plus-background hypothesis. Because the separation power in the final variable
depends logarithmically on the local signal-to-background ratio, the distribution
of the final variable rebinned in log10(s/b) shows directly the most important
background regions of the search.
A further discussion of the statistical methods used in the LEP2 Higgs analyses

is included in the Appendix.

3.4. Search Channels and Topologies

Of the channels listed in Table 3, only four are used in the standard-model Higgs
search: four-jet, missing energy, `+`� pairs (e + µ), and ⌧+⌧� (see Figure 10).
The highest s/b ratio achieved in a search channel depends on the level of analysis
optimization and the detector performance. The highest signal-to-background
(s/b) ratio achieved in a search channel depends on the level of analysis optimiza-
tion and the detector performance. A comparison of the average s/b ratio versus
the number of expected signal events shows that the four-jet analyses of ALEPH
and DELPHI are the most powerful in the high-mH search (close to 115 GeV/c2).
In particular, these analyses achieve an average s/b ratio greater than unity for a
combined expectation of one signal event at mH = 115 GeV/c2.

Figure 10 Topologies involved in the search for the standard-model Higgs
boson at LEP2, missing energy, lepton pairs, ⌧+⌧�, fan-jets.
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The most sensitive topology in LEP2
Only the Higgs-strahlung contributes in production
- Higgs assumed to decay to pair of b-quarks [b-tagged events]
- Z decays to two jets
For low Higgs boson masses (i.e., significantly below the kinematic threshold), each of 
the di-jets forms a plane, and these two planes do not necessarily coincide. However, 
when the Higgs boson mass is near the kinematic threshold, the Z and the H are 
produced almost at rest and the two jets in each di-jet are produced back-to-back, and all 
jets are in a plane by construction.
Main backgrounds: ee→ZZ, ee→WW, ee→qq
The four fermion final states usually tend to give acoplanar topologies,
while the QCD process tend to be coplanar
The 4b-jets and 2b-jets cases are treated as separate channels. Former has:
- higher s/b
- larger jet pairing ambiguities 

4b-jets: the ee→ZZ is the dominant background, with some contributions from ee→bbg
2b-jets: the ee→ZZ is dominant away from the kinematic threshold, in this latter case the 
ee→bbg is dominant
The ee→WW has relatively high cross-section, but only contributes through b-jet mis-
identification or trough CKM suppressed W→bc/bu

To improve mass resolution, a kinematic fit is performed taking advantage of the known 
initial collision energy and the energy-momentum conservation. Typical mass resolutions 
of 3 GeV.

Although b-tagging and mass resolutions are the most important handles, all 
collaborations used event shape variables and their correlations through MVA
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The statistical estimator used in the LEP combinations is the logarithm of
ratio of likelihood functions for the signal-plus-background hypothesis and the
background-only hypothesis. Numerically, this consists of a weighted sum over
all bins of the distribution, given by

� 2 ln Q = 2 · stot � 2 ·

X

i
ni ln

✓
1+

si
bi

◆
. 2.

Here i is the index of the bin;ni , si , andbi are, respectively, the number of observed,
expected signal, and expected background events in the bin; and stot =

P
i si is the

total signal expected. The value of Q constructed in this way is precisely the local
likelihood ratio of the signal-plus-background hypothesis to the background-only
hypothesis. A negative value of �2 ln Q indicates a preference for the signal-
plus-background hypothesis. Because the separation power in the final variable
depends logarithmically on the local signal-to-background ratio, the distribution
of the final variable rebinned in log10(s/b) shows directly the most important
background regions of the search.
A further discussion of the statistical methods used in the LEP2 Higgs analyses

is included in the Appendix.

3.4. Search Channels and Topologies

Of the channels listed in Table 3, only four are used in the standard-model Higgs
search: four-jet, missing energy, `+`� pairs (e + µ), and ⌧+⌧� (see Figure 10).
The highest s/b ratio achieved in a search channel depends on the level of analysis
optimization and the detector performance. The highest signal-to-background
(s/b) ratio achieved in a search channel depends on the level of analysis optimiza-
tion and the detector performance. A comparison of the average s/b ratio versus
the number of expected signal events shows that the four-jet analyses of ALEPH
and DELPHI are the most powerful in the high-mH search (close to 115 GeV/c2).
In particular, these analyses achieve an average s/b ratio greater than unity for a
combined expectation of one signal event at mH = 115 GeV/c2.

Figure 10 Topologies involved in the search for the standard-model Higgs
boson at LEP2, missing energy, lepton pairs, ⌧+⌧�, fan-jets.
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Both Higgs-strahlung and W-fusion contribute in production
- Higgs decay to pair of b-quarks [b-tagged events]
- Z decays to neutrinos
The signature is a large missing mass compatible with the Z boson and two b-tagged jets

Several background contribution but main backgrounds:
- ee→ZZ main irreducible background 
- ee→WW when one W→τν and the other W→qq where jets are mis-identified as b-jets
- ee→Wev could give a contribution because the spectator e is lost in the beam pipe, but 
b-tagging greatly reduces this
- ee→Zee when one e lost in the beam-pipe and the other has low momentum
- ee→Zvv with Z→bb. could be important near threshold but small cross section

Most important background is ee→qq, where the missing mass is due to two ISR 
photons lost in the beam pipe,one ISR photon and a mismeasured jet, or two 
mismeasured jets
Furthermore, this background tends to peak near the threshold in reconstructed mass, 
which is an artifact of the mass reconstruction algorithm.

In the missing- energy channel, the two jet energies cannot be rescaled independently 
because of the lack of kinematic constraints. In this case, only the recoil to the Z mass 
can be used. The visible mass is rescaled with a single parameter, which is equiv- alent 
to applying a unique rescaling coefficient to the four-momentum of both jets. The typical 
peak resolution is of the order of 3 GeV, comparable to the four-jet channel. But in this 
channel and especially for Higgs boson masses near threshold, where the fusion-plus-
interference contribution can add up to almost half of the total signal cross section, this 
resolution is degraded by large and wide tails.
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The statistical estimator used in the LEP combinations is the logarithm of
ratio of likelihood functions for the signal-plus-background hypothesis and the
background-only hypothesis. Numerically, this consists of a weighted sum over
all bins of the distribution, given by

� 2 ln Q = 2 · stot � 2 ·
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Here i is the index of the bin;ni , si , andbi are, respectively, the number of observed,
expected signal, and expected background events in the bin; and stot =

P
i si is the

total signal expected. The value of Q constructed in this way is precisely the local
likelihood ratio of the signal-plus-background hypothesis to the background-only
hypothesis. A negative value of �2 ln Q indicates a preference for the signal-
plus-background hypothesis. Because the separation power in the final variable
depends logarithmically on the local signal-to-background ratio, the distribution
of the final variable rebinned in log10(s/b) shows directly the most important
background regions of the search.
A further discussion of the statistical methods used in the LEP2 Higgs analyses

is included in the Appendix.

3.4. Search Channels and Topologies

Of the channels listed in Table 3, only four are used in the standard-model Higgs
search: four-jet, missing energy, `+`� pairs (e + µ), and ⌧+⌧� (see Figure 10).
The highest s/b ratio achieved in a search channel depends on the level of analysis
optimization and the detector performance. The highest signal-to-background
(s/b) ratio achieved in a search channel depends on the level of analysis optimiza-
tion and the detector performance. A comparison of the average s/b ratio versus
the number of expected signal events shows that the four-jet analyses of ALEPH
and DELPHI are the most powerful in the high-mH search (close to 115 GeV/c2).
In particular, these analyses achieve an average s/b ratio greater than unity for a
combined expectation of one signal event at mH = 115 GeV/c2.

Figure 10 Topologies involved in the search for the standard-model Higgs
boson at LEP2, missing energy, lepton pairs, ⌧+⌧�, fan-jets.
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The statistical estimator used in the LEP combinations is the logarithm of
ratio of likelihood functions for the signal-plus-background hypothesis and the
background-only hypothesis. Numerically, this consists of a weighted sum over
all bins of the distribution, given by

� 2 ln Q = 2 · stot � 2 ·
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Here i is the index of the bin;ni , si , andbi are, respectively, the number of observed,
expected signal, and expected background events in the bin; and stot =

P
i si is the

total signal expected. The value of Q constructed in this way is precisely the local
likelihood ratio of the signal-plus-background hypothesis to the background-only
hypothesis. A negative value of �2 ln Q indicates a preference for the signal-
plus-background hypothesis. Because the separation power in the final variable
depends logarithmically on the local signal-to-background ratio, the distribution
of the final variable rebinned in log10(s/b) shows directly the most important
background regions of the search.
A further discussion of the statistical methods used in the LEP2 Higgs analyses

is included in the Appendix.

3.4. Search Channels and Topologies

Of the channels listed in Table 3, only four are used in the standard-model Higgs
search: four-jet, missing energy, `+`� pairs (e + µ), and ⌧+⌧� (see Figure 10).
The highest s/b ratio achieved in a search channel depends on the level of analysis
optimization and the detector performance. The highest signal-to-background
(s/b) ratio achieved in a search channel depends on the level of analysis optimiza-
tion and the detector performance. A comparison of the average s/b ratio versus
the number of expected signal events shows that the four-jet analyses of ALEPH
and DELPHI are the most powerful in the high-mH search (close to 115 GeV/c2).
In particular, these analyses achieve an average s/b ratio greater than unity for a
combined expectation of one signal event at mH = 115 GeV/c2.

Figure 10 Topologies involved in the search for the standard-model Higgs
boson at LEP2, missing energy, lepton pairs, ⌧+⌧�, fan-jets.
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The topology of the lepton channel is a pair of electrons or muons and a pair of b-quark 
jets. This is a very distinctive signature, but it has a very small rate because of the small 
branching of the Z to electrons and muons, and, to a much lesser extent, because of the 
interference between the Higgs-strahlung production and ZZ fusion, which is destructive.
The backgrounds to this channel originate almost exclusively from the e+e− → ZZ 
process. Practically none of the other processes can yield a similar topology. Its rejection 
relies greatly on the mass reconstruction and on the tagging of b-quark jets. The Higgs 
boson mass is reconstructed from the recoil to the two-lepton system.

The topology in the τ+τ− channel is a pair of tau leptons and a pair of jets. This channel 
is separated from the l+l− channel for two main reasons: 
- The invariant mass of the τ+τ− pair cannot be accurately measured because of the 
unmeasured energy carried by the neutrinos of the τ± decays; the mass reconstruction 
procedure is thus very different from that used in the lepton channel but is actually very 
similar to that used in the four-jet channel.
- This channel also receives contributions from the Z → bb ̄ and H→Z+Z− events
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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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The statistical estimator used in the LEP combinations is the logarithm of
ratio of likelihood functions for the signal-plus-background hypothesis and the
background-only hypothesis. Numerically, this consists of a weighted sum over
all bins of the distribution, given by
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Here i is the index of the bin;ni , si , andbi are, respectively, the number of observed,
expected signal, and expected background events in the bin; and stot =

P
i si is the

total signal expected. The value of Q constructed in this way is precisely the local
likelihood ratio of the signal-plus-background hypothesis to the background-only
hypothesis. A negative value of �2 ln Q indicates a preference for the signal-
plus-background hypothesis. Because the separation power in the final variable
depends logarithmically on the local signal-to-background ratio, the distribution
of the final variable rebinned in log10(s/b) shows directly the most important
background regions of the search.
A further discussion of the statistical methods used in the LEP2 Higgs analyses

is included in the Appendix.

3.4. Search Channels and Topologies

Of the channels listed in Table 3, only four are used in the standard-model Higgs
search: four-jet, missing energy, `+`� pairs (e + µ), and ⌧+⌧� (see Figure 10).
The highest s/b ratio achieved in a search channel depends on the level of analysis
optimization and the detector performance. The highest signal-to-background
(s/b) ratio achieved in a search channel depends on the level of analysis optimiza-
tion and the detector performance. A comparison of the average s/b ratio versus
the number of expected signal events shows that the four-jet analyses of ALEPH
and DELPHI are the most powerful in the high-mH search (close to 115 GeV/c2).
In particular, these analyses achieve an average s/b ratio greater than unity for a
combined expectation of one signal event at mH = 115 GeV/c2.

Figure 10 Topologies involved in the search for the standard-model Higgs
boson at LEP2, missing energy, lepton pairs, ⌧+⌧�, fan-jets.
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Basically, the likelihood ratio of the signal+background hypothesis over the background-only 
hypothesis. More negative values of -2lnQ, means more S+B-like result
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Figure 1: The negative log-likelihood ratio (test-statistic) as a function of mH. The dashed line shows
the expectation for the background-only hypothesis and the full line the values computed from the
observed results. The shaded bands show the 1σ and 2σ probability bands for the signal at the “true”
mass. The expected signal curves (dotted) show the median response away from the true mass for three
different Higgs masses.

at centre-of-mass energies up to 189 GeV, a 95% CL lower bound of 95.2 GeV/c2 has been
obtained [1]. In this section we present an update of the SM Higgs boson search which includes
the new data collected at centre-of-mass energies up to 202 GeV.

The analysis procedures of the four LEP experiments producing the inputs for the present
combination are described in individual documents [6]–[9]; we summarise the results in Table 1.
The large spread in the numbers of selected candidates reflects substantial differences in the
selection methods and optimisation procedures. All events which contribute to Table 1 are used
below in the calculation of confidence levels and in the limit setting procedure. In the procedure
used to determine the limits, described in Appendix A, the treatement of candidate events
depends on the values of reconstructed quantities, such as b-tag significances and reconstructed
invariant masses. An excess or deficit of candidates may occur in a region of high background
and low signal, hence the total count does not indicate whether the actual limit ought to be
stronger or weaker than the expectation. The results of the combination are illustrated in
Figures 1 through 3.

The test-statistic (of Eq. 1 of Appendix A denoted here as Q) versus the test mass mH,
computed for the observed results, is shown in Figure 1. It should have a minimum near the
true Higgs mass. A negative value would indicate some preference for the signal hypothesis and
the more negative the value the more significant the result. The full-line curve representing the

2

observation is in good agreement with the dashed line representing the background hypothesis,
and deviates from the dotted curves which represent signal + background situations with true
Higgs boson masses fixed at particular values.
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Figure 2: The confidence level CLb as a function of mH. The straight dashed line at 50% and the
shaded bands represent the median result and the ±1σ and ±2σ probability bands expected in the
absence of a signal. The solid curve is the observed result and the dotted curve shows the median
result expected for a signal when tested at the “true” mass. The horizontal line at 5.7× 10−7 indicates
the level for a 5σ discovery.

The compatibility with background of the result is given by 1 − CLb, which is plotted as a
function of mH in Figure 2. Values of 1−CLb below 5.7×10−7, indicated by the horizontal full
line, corresponding to a 5 standard deviation fluctuation of the background, are considered to
be in the discovery region. The dotted line shows the expectation in the presence of a signal of
true mass mH; its crossing with the 5σ line at 106.3 GeV/c2 indicates the range of sensitivity
of the presently available data to a discovery. It is not enough just to read off the value of
1−CLb at the value of mH for which −2ln(Q) has its minimum to claim observation of a signal
because this only gives the probability that the background fluctuated at precisely that mass,
while in principle it could have fluctuated anywhere in the mass region considered. This mass
region is chosen to include values of mH not strongly excluded by previous searches and for
which the present searches have sensitivity. An estimate based on Monte Carlo studies shows
that 1−CLb must be multiplied by a factor of four in the present case, corresponding roughly
to the width of the mass search region divided by the typical mass resolution.

A 95% confidence level lower limit on the Higgs mass may be set by identifying the mass
region where CLs < 0.05, as shown in Figure 3. The median limit expected in the absence of
a signal is 109.1 GeV/c2 and the limit observed by combining the LEP data is 107.9 GeV/c2.

4

The inclusion of systematic errors, together with their correlations, has decreased the limits by
approximately 100 MeV/c2.
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Figure 3: The confidence level CLs for the signal hypothesis versus mH. The solid curve is the
observed result, the dashed curve the median result expected in the absence of a signal. The shaded
areas represent the symmetric 1σ and 2σ probability bands of CLs in the absence of a signal. The
intersections of the curves with the horizontal line at CLs = 0.05 give the mass limits at the 95%
confidence level.

As a cross-check of the confidence level calculation procedures, the expected and observed
limits have been calculated independently, using another test-statistic (Method C in [1, 5]).
The limits were within ±150 MeV/c2 of the values quoted above.

Figure 4 shows the distribution of reconstructed Higgs masses for a subset of the events
in Table 1. The corresponding background from SM processes and the signal expected from
a SM Higgs boson of 105 GeV/c2 mass are also shown. The figure has been obtained with
the supplementary requirement that the contributions from the four experiments (selecting the
most signal-like set of events) be roughly equal. Since all events enter with equal weight, such a
distribution does not reflect for example differences in mass resolutions, signal sensitivities and
background rates, which characterise the various search channels and individual experiments.
Furthermore, the L3 experiment employs an event selection technique which depends strongly
on the mass hypothesis mH. Since in this figure mH is chosen as 105 GeV, the L3 contribution
artificially enhances the event counts, expected and observed, around that value. This figure is
produced merely for illustration purposes and should not be used to draw quantitative conclu-
sions. The small deficit in observed events is a reflection of the numbers in Table 1 in the line
labelled “Events in all channels”.

5

The LEP experiments updated and combined their 
searches for Standard Model Higgs boson including 
the data collected in 1999 at energies between 192 

and 202 GeV, for a total integrated luminosity of 
approximately 900 pb-1. 

In the absence of a statistically significant excess in 
the data, the lower bound of 107.9 GeV (expected 

109.1GeV) has been obtained at the 95% CL.

CERN-EP-2000-055
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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)

Example:
- Beam Energy : 102 GeV

- Luminosity : 200pb-1/experiment

The 3σ sensitivity is ~112 GeV,
i.e. ~1 GeV from the kinematic threshold 

of √s- mZ ~113 GeV
To gain 2 GeV in sensitivity one could 

either:
- increase luminosity by factor 4-5
- increase beam energy by ~1GeV

The latter is the only feasible option...
so, the idea is to achieve the highest 

possible energy with reasonable 
luminosity 

i.e. sacrifice luminosity to gain in energy

P. Janot
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The √s of a circular e+e− collider is limited by:
- magnetic field of the dipole magnets, 
- the RF power available to compensate for the synchrotron radiation losses (∝E4beam)
Nominal accelerating gradient of superconducting RF cavity 6 MV/m → √s=192 GeV → mH~100GeV 

A series of upgrades and ingenious ideas allowed LEP to surpass the design capabilities:
- Upgraded cryogenic facilities, allowing the cavities to operate up to 7.5 MV/m, with improved stability 
of the cryogenic system → √s=204 GeV → mH~112GeV 
- Reduce klystron safety margin: Average time between klystron trips ~1h. To maintain stable beams, 
operate with margin ≥2 klystrons. However, with improved stability became possible to run with margin 
of 1 klystron, without greatly increasing beam losses → +1.5 GeV in √s and ~ +1 GeV in mH

- “Mini-ramp” technique: increase beam energy within a fill, in a short period of time (typically a few 
minutes), without increasing the background in the detectors. Allowed LEP to run at the highest energy, 
with no RF margin. On top of that a lot of effort to reduce turn-around time once beams where lost → 
+1.5 GeV in √s and ~ +1 GeV in mH

- Change beam orbit: Reducing the nominal 350 MHz RF by ~100 Hz resulted in a small shift of the 
beam orbit → the beams were exposed to the dipole component of the focusing quadrupoles. The 
smaller frequency also allowed shorter bunches and therefore increased the available RF margin → 
+1.4 GeV in √s and ~ +0.6 GeV in mH

- Unused orbit correctors were powered in series to act as dipoles, increasing the effective bending 
length → +0.4 GeV in √s and ~ +0.25 GeV in mH

- Reinstalled 8 LEP1 Cu RF cavities (+30MV in RF gradient) → +0.4 GeV in √s and ~ +0.25 GeV in mH

Overall, ~15.7-17.2 GeV increase in beam energy, with ~stable run at √s~207 GeV and ultimately up to 
209.2 GeV
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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.

P. Janot
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LEP Improvements LEP Improvements in 1999/2000in 1999/2000
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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)

P. Janot
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Improvements in 1999/2000Improvements in 1999/2000 ((Cont’d)Cont’d)

Start withStart with
a margin ofa margin of 22
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33 σ
 σ
 S

en
si

t i
vi

ty
 (G

eV
/c

S e
n s

it
iv

i t
y  

(G
eV

/c
22 ))

No M
inir

am
p. T

urn
aro

und
 1h

30

No M
inir

am
p. T

urn
aro

und
 1h

30

Turn
aro

und
: 1h

30

Turn
aro

und
: 1h

30

Turn
aro

und
: 4

5mins

Turn
aro

und
: 4

5mins

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:

P. Janot

It was concluded at the Xth Chamonix Workshop (35) that the best scheme was to operate LEP with 
one klystron margin for about one hour and then mini-ramp to no margin until the first klystron tripped.
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 31

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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Table 1
Integrated luminosities of the data samples of the four experiments
and their sum (LEP). The subsets taken at energies exceeding
206 GeV and 208 GeV are listed separately

Integrated luminosities in pb−1

ALEPH DELPHI L3 OPAL LEP
√

s ! 189 GeV 629 608 627 596 2461
√

s ! 206 GeV 130 138 139 129 536
√

s ! 208 GeV 7.5 8.8 8.3 7.9 32.5

year 2000), substantial data samples were collected at
centre-of-mass energies (

√
s ) exceeding 206 GeV, ex-

tending the search sensitivity to Higgs boson masses
of about 115 GeV/c2 through the Higgsstrahlung
process e+e− → HZ. In their initial analyses of the
full data sets, ALEPH [5] observed an excess of events
consistent with the production of a Standard Model
Higgs boson with a mass of 115 GeV/c2; L3 [6] and
OPAL [7], while being consistent with the background
hypothesis, slightly favoured the signal plus back-
ground hypothesis in this mass region; DELPHI [8]
reported a slight deficit with respect to the background
expectation. The final results from the four Collabora-
tions have now been published [9–12]. These are based
on final calibrations of the detectors and LEP beam
energies and, in some cases, on revised analysis pro-
cedures. In this Letter we present the results from a
LEP-wide combination based on these new publica-
tions. The data span the range of centre-of-mass ener-
gies from 189 GeV to 209 GeV. The integrated lumi-
nosities of the data samples are given in Table 1 for
the full range of energies used and for the subsets with
energies larger than 206 GeV and 208 GeV.
We also present upper bounds on the HZZ coupling

for non-standard models with various assumptions
concerning the decay of the Higgs boson. In order to
cover the low-mass domain, the data collected during
the LEP1 phase at the Z resonance are combined with
LEP2 data.

2. Analysis and combination procedure

At LEP, the Standard Model Higgs boson is ex-
pected to be produced mainly in association with the
Z boson through the Higgsstrahlung process e+e− →
HZ [13]. Small additional contributions are expected
at the end of and beyond the kinematic range of the

Higgsstrahlung process from W and Z boson fusion,
which produce a Higgs boson and a pair of neutrinos
or electrons, respectively, in the final state [14]. The
signal processes are simulated using the HZHA gen-
erator [15], which includes the fusion processes and
their interference with the HZ final states. For Higgs
boson masses which are relevant at LEP, the Standard
Model Higgs boson is expected to decay mainly into
bb̄ quark pairs (the branching ratio is 74% for a mass
of 115 GeV/c2) while decays to τ+τ−, WW∗, gg
(≈ 7% each), and cc̄ (≈ 4%) constitute the rest of the
decay width. The final-state topologies are determined
by the decay properties of the Higgs boson and by
those of the associated Z boson. The searches at LEP
encompass the four-jet final state (H→ bb̄)(Z→ qq̄),
the missing energy final state (H→ bb̄)(Z→ νν̄), the
leptonic final state (H→ bb̄)(Z→ #+#−) where # de-
notes an electron or a muon, and the tau lepton fi-
nal states (H→ bb̄)(Z→ τ+τ−) and (H→ τ+τ−) ×
(Z→ qq̄).
A preselection is applied by each experiment to

reduce some of the main backgrounds, in particular,
from two-photon processes and from the radiative
return to the Z boson, e+e− → Zγ (γ ). The remaining
background, mainly from fermion pairs and WW
or ZZ production, possibly with photon or gluon
radiation, is further reduced either with the help
of more selective cuts or by applying multivariate
techniques such as likelihood analyses and neural
networks. The identification of b-quarks in the decay
of the Higgs boson plays an important role in the
discrimination between signal and background, as
does the reconstructed Higgs boson candidate mass.
The detailed implementation of these analyses by the
different experiments is described in Refs. [9–12] and
in earlier references quoted therein.
The input from the four experiments which is used

in the combination procedure is provided channel by
channel. The word “channel” designates any subset of
the data where a Higgs boson search has been car-
ried out. These subsets may correspond to specific
final-state topologies, to data sets collected at differ-
ent centre-of-mass energies or to the subsets of data
collected by different experiments. In most channels
the input is binned in two variables: the reconstructed
Higgs boson mass mrec

H , and a variable G which com-
bines many event features such as b-tagging variables,
likelihood functions or neural network outputs, which
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0.09 translates into 1.7 standard deviations from the
background hypothesis. This deviation, although of
low significance, is compatible with a Standard Model
Higgs boson in this mass range while being also in
agreement with the background hypothesis. The value
of 1 − CLb would change in this region from about
0.09 to about 0.08 if the systematic errors were ig-
nored.
The dash-dotted line in Fig. 7 shows the median

expectation for 1 − CLb, given the signal plus back-
ground hypothesis, when the signal mass on the ab-
scissa is tested. For a given mass hypothesis, the curve
1 − CLb versus test mass tends to have a minimum
close to the hypothesized mass. For example, in the
presence of a Higgs boson of mass 115 GeV/c2, the
curve showing themedian of the 1−CLb results would
have a minimum at 115GeV/c2, with a value of 0.009,
which would coincide with the dash-dotted line. This
line is an indication of the range of sensitivity of the
combined LEP data for detecting a Standard Model
Higgs boson signal.
One should realise that the observed values of 1−

CLb quoted above quantify deviations from the back-
ground hypothesis which are local in mass. A rough
estimate of the probability for such a deviation to oc-
cur anywhere in a given mass range of interest is ob-
tained by multiplying the local value of 1 − CLb by
the ratio of the widths of the mass range to the mass
resolution. In the present case, the mass range of inter-
est can be taken as the region exceeding 114 GeV/c2

where the observation is compatible, within the 95%
confidence level, with the Standard Model Higgs bo-
son hypothesis (see the light shaded area in Fig. 7).
Taking 3 GeV/c2 as a crude value for the mass reso-
lution (see Section 3), one obtains about two for the
multiplication factor.
Fig. 8 shows 1−CLb as a function of the test mass

for subsets of the LEP data. The confidences 1− CLb
and CLs+b, for a test mass of 115 GeV/c2, are listed
in Table 3 for all LEP data combined and for various
sub-samples.

5. Bounds for the Higgs boson mass and coupling

The ratio CLs = CLs+b/CLb as a function of
the test mass, shown in Fig. 9, is used to derive a
lower bound on the Standard Model Higgs boson

Table 3
The background confidence 1−CLb and the signal plus background
confidence CLs+b for a test mass mH = 115 GeV/c2 , for all LEP
data combined and for various subsets. The values for the four-jet
and all but the four-jet final states are obtained with the data of the
four experiments combined.

1−CLb CLs+b
LEP 0.09 0.15

ALEPH 3.3× 10−3 0.87
DELPHI 0.79 0.03
L3 0.33 0.30
OPAL 0.50 0.14
Four-jet 0.05 0.44
All but four-jet 0.37 0.10

mass (see Appendix A). The lowest test mass giving
CLs = 0.05 is taken as the lower bound on the
mass at the 95% confidence level. The expected
and observed lower bounds are listed in Table 4.
The expected limits provide an indication of the
sensitivities of the data subsets. The observed 95%
confidence level lower bound on the mass of the
Standard Model Higgs boson obtained by combining
the four LEP experiments is 114.4 GeV/c2, while
the median expected limit is 115.3 GeV/c2. The
difference reflects the slight excess observed in the
data with respect to the background expectation at
high masses. The observed and the expected limits
would shift upwards by about 50 MeV/c2 if the
systematic errors were ignored.
The combined LEP data are also used to set 95%

confidence level upper bounds on the HZZ coupling in
non-standard models. In the ratio ξ2 = (gHZZ/g

SM
HZZ)

2

Table 4
Expected (median) and observed 95% confidence level lower
bounds on the Standard Model Higgs boson mass, for all LEP data
combined and for various subsets of the data. The numbers for the
four-jet and all but the four-jet final states are obtained with the data
of the four experiments combined.

Expected limit Observed limit
(GeV/c2) (GeV/c2)

LEP 115.3 114.4
ALEPH 113.5 111.5
DELPHI 113.3 114.3
L3 112.4 112.0
OPAL 112.7 112.8
Four-jet channel 114.5 113.3
All but four-jet 114.2 114.2
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Sau Lan Wu! Historic review of the Higgs searches – The long road to the Higgs discovery !March 10, 2013 !

LEP-2 ERA     Publications 

20 

After the end of data taking at LEP (November 2000), each 
collaboration published one paper in Physics Letters B: 

•  ALEPH: ‘Observation of an excess in the search for the SM 
Higgs boson at ALEPH’. Phys.Lett. B 495, 1 (2000), link 
 

Abstract: An excess of 3σ beyond the background expectation 
is found, consistent with the production of the Higgs boson with 
a mass near 114GeV/c2. Much of this excess is seen in the four-
jet analyses, where three high purity events are selected. (link)  

•  DELPHI: ‘Search for the SM Higgs boson at LEP in the year 
2000’. Phys. Lett. B 499, 23 (2001), link 
 

Abstract: No evidence for a Higgs signal is observed in the 
kinematically accessible mass range, and a 95% CL lower mass 
limit of 114.3 GeV/c2 is set (link) 

Sau Lan Wu! Historic review of the Higgs searches – The long road to the Higgs discovery !March 10, 2013 !

LEP-2 ERA     Publications 

21 

•  L3: ‘SM Higgs boson with the L3 experiment at LEP’. Phys. Lett. 
B 517, 319 (2001), link. 
 

Abstract: A lower limit on the mass of the standard model Higgs boson 
of 112.0 GeV is set at the 95% confidence level. The most significant 
high mass candidate is a Hνν event. It has a reconstructed Higgs mass 
of 115 GeV and it was recorded at √s = 206.4 GeV. (link). 

• OPAL: ‘Search for the SM Higgs boson in e+e- collisions at 
√s≈192-209 GeV’. Phys. Lett. B 499, 38 (2001), link. 
 

Abstract: A lower bound of 109.7 GeV is obtained on the Higgs boson 
mass at the 95% confidence level. At higher masses, the data are 
consistent with both the background and the signal-plus-background 
hypotheses (link). 

Primarily based on data from 2000, when √s was increased from 
200 to 209 GeV 
•  Almost all candidates ~115 GeV from √s=205 to 209 GeV  
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Table 2
Properties of the candidates with the largest contribution to −2 lnQ at mH = 115 GeV/c2 . For each candidate, the experiment, the centre-of-
mass energy, the final-state topology, the reconstructed Higgs boson mass and the weight atmH = 115 GeV/c2 are listed. The applied selection,
ln(1+ s/b) ! 0.18 (i.e., s/b ! 0.2) at mH = 115 GeV/c2, retains 17 candidates while the expected numbers of signal and background events
are 8.4 and 15.8, respectively

Experiment
√

s (GeV) Final state topology mrecH (GeV/c2) ln(1+ s/b)

at 115 GeV/c2

1 ALEPH 206.6 Four-jet 114.1 1.76
2 ALEPH 206.6 Four-jet 114.4 1.44
3 ALEPH 206.4 Four-jet 109.9 0.59
4 L3 206.4 Missing energy 115.0 0.53
5 ALEPH 205.1 Leptonic 117.3 0.49
6 ALEPH 208.0 Tau 115.2 0.45
7 OPAL 206.4 Four-jet 111.2 0.43
8 ALEPH 206.4 Four-jet 114.4 0.41
9 L3 206.4 Four-jet 108.3 0.30
10 DELPHI 206.6 Four-jet 110.7 0.28
11 ALEPH 207.4 Four-jet 102.8 0.27
12 DELPHI 206.6 Four-jet 97.4 0.23
13 OPAL 201.5 Missing energy 108.2 0.22
14 L3 206.4 Missing energy 110.1 0.21
15 ALEPH 206.5 Four-jet 114.2 0.19
16 DELPHI 206.6 Four-jet 108.2 0.19
17 L3 206.6 Four-jet 109.6 0.18

mass range of the figure can also be explained by local
upward fluctuations of the background and by long-
range effects due to the experimental mass resolution.
The mass resolution is channel dependent and is typ-
ically a Gaussian of widths 2–3 GeV/c2 with size-
able asymmetric tails, accentuated by the proximity
of the kinematic limit of the HZ signal process and
the Z boson mass constraint applied during the recon-
struction.
In Fig. 2 the likelihood test is applied to sub-

sets of the LEP data from individual experiments
and final-state topologies. A signal-like deviation be-
yond the 95% confidence level is only observed in
the ALEPH data. For a given test mass, the dis-
tance between the background expectation and the sig-
nal plus background expectation, compared to their
spreads, is a measure of the discriminating power of
the corresponding data set. These figures thus illus-
trate the relative power of the subsets and the rapid
decrease in discriminating power as the test mass ap-
proaches the kinematic limit of the HZ signal process.
One should note that no individual LEP experiment

has the statistical power to distinguish between the
two hypotheses for a test mass larger than about 114
GeV/c2 at the level of two standard deviations (see
the intersections of the signal plus background curve
with the lower edge of the light-shaded 95% confi-
dence level bands). Regarding the final-state topolo-
gies, the combined LEP data in the four-jet channel
have about the same discriminating power as all the
other final states together. The comparison of Figs. 1
and 2 illustrates the gain in sensitivity when the data
of the four experiments are combined in all chan-
nels.

3.1. Contributions from single candidates

The contribution to the test statistic −2 lnQ from
an individual candidate event can be evaluated us-
ing the binned likelihood functions that appear in Ap-
pendix A. We refer to this contribution as the event
weight which, in simplified notation, can be written
as ln(1 + s/b), where s and b refer to the signal and
background estimates in the bins of (mrec

H ,G) where
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LEP operation ended at 8AM Nov 2, 2000


