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q Overview of LEP-2 Physics
q Two fermions final state
q e+e- à W+W- cross-section
q triple gauge boson coupling
q W mass measurement
q W branching ratios
q ZZ production cross-section
q LEP global fit
q Higgs Search at LEP
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LEP-2 Summary
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Cross-section as a function of √s

Dominant at low energy Dominant at Z-pole Equally important



q two fermion final state. 
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A closer look at the diagrams

q Two photon physics:

q W pair (4 fermion finale state). q Z pair (4 fermion finale state). 

q Higgs boson production
(4 fermion finale state). 

These are just the lowest order diagrams.
In the MCs are taken into account also
the higher order contributions.

q Two 𝛾 final state (pure QED process):
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Cross-sections 

Cross sections are about three order of magnitude
smaller that the ones at the Z peak (pb versus nb)
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Cross-sections versus center of mass energy

𝛾𝛾 ;

2 photon physics gave an important (not really
wanted) contribution to Lep-2 trigger rate.

2 photon physics
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q With the emission of a photon from the initial 
legs, the effective center of mass energy 𝒔′
goes toward the Z peak (where the cross-section
is higher).

q The ISR photons are either detected as isolated 
energy depositions in the calorimeters 
compatible with an electromagnetic shower or 
as missing momentum pointing along the beam 
directions. 
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Radiative return to the Z resonance

q EISR is the photon energy, either measured or 
inferred from the invariant mass of the fermion 
final state.



q For events under the Z pole is valid the 
following relationship:
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Effective center of mass energy

q Only events above the cuts are used in the two fermione analysis 

q They can be used a cross-check of the beam 
energy measurement

MC without
ISR



q Cross sections and FB asymmetries at high energy
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Fermion pair production cross-section and AFB

q Good agreement, as
usual, between data
and SM.

q No hint of any new physics,
like for instance a new
neutral boson 𝑍! with a
mass higher than the Z.

q These data were also used
to set new limits on the
couplings of pointlike
interactions (like the Fermi
weak interaction model).



§ Important tests of QCD 
performed at LEP, e.g.

§ gluon self coupling

® SU(3)C

§ Measurement of the strong 

coupling constant as(mZ)

from hadronic event shapes

as(mZ) = 0.1202 ± 0.0050

§ Running of as established

between 40 – 208 GeV
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QCD at LEP
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Let’s open a parenthesis
(it is not part of the exam program)



Claudio Luci – Collider  Particle Physics – Chapter 8 15

2 photon physics
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It is similar to the
soft physics in the
hadron collider

mainly in the
luminosity monitor
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Let’s close the parenthesis
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e+e- à W+W-: event selection

0.675 !

0.325 !

2× 0.325×0.675

leptonic channel

semi-leptonic channel

hadronic channel

’ ’

"6 9
"3 9

9 different final states
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e+e- à W+W-: event selection

e+e- ® qqµn
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e+e- à W+W-: selection of qqqq events
q Large multiplicity
q No missing momentum
q Multidimensional techniques used to enhance
separation w.r.t. 𝒒-𝒒 background.

With two gluons emissions
we could have 4 jets in the
final state

𝑔

𝑔

𝑍/𝛾
𝑞

%𝑞

𝑒

𝑒"

q Main systematic error sources:
Ø Detector effects
Ø Hadronization models
(correlated among experiments)

4-fermion background: e.g. ZZ final state
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e+e- à W+W-: selection of qqlν and lνlν events

: 𝒒-𝒒ℓ𝝂
: ℓ&𝝊ℓ'-𝝊



𝝂𝝂

𝜸𝜸
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e+e- à W+W-: cross-section in the SM

t-channel dominates
near the threshold

Of course, we don’t have negative
probabilities. This is just to show
the contribution of these interference
terms to the amplitude

q The process 𝑒"𝑒# →𝑊"𝑊# → 𝑓 ̅𝑓𝑓 ̅𝑓 dominates the
four fermion sample;

q At the lowest order we have three Feynman diagrams;
q The overall (finite) cross-section results from delicate
cancellations among the 6 terms
( 3 |module|2 + 3 interferences)

SM vertices
§ ffW
§ ffZ
§ ffγ
§ γWW
§ ZWW
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e+e- à W+W-: dσ/d cosθ versus 𝒔
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e+e- à W+W-: cross-section versus 𝒔



q At LEP2 it has been verified the existence of the coupling with 3 gauge bosons predicted by the Standard Model.  
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Triple Gauge Boson Coupling

Only νe

Plus the other 2 graphs

• The cross-section measurement of the W production as a function of √s shows that the data are correctly described only if we consider
also the vertex ZWW predicted the SM. 
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e+e- à W+W-: effect of ΓW and ISR on σ

Born term, no ΓW, no ISR
kinematic threshold to
produce ww pair is: 𝒔 = 𝟐𝒎𝑾

ΓW lower the production
threshold and lower the
cross-section

ISR lower the cross-
section because it
changes the effective
center of mass energy

RED line: both effects are included



q There were two main methods for measuring MW at LEP2:
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Methods to measure the W mass at Lep2

1. The first method is based on the fact that W+W-production cross-section at center of mass energies
𝒔 ≈ 𝟐𝑴𝑾 is particularly sensitive to MW:

Ø In this threshold region, assuming Standard Model couplings, by measuring the W+W- production cross section, on can measure MW.
Ø The four LEP experiments collected a data set of about 10 pb-1 each at 𝒔 = 𝟏𝟔𝟏 𝑮𝒆𝑽, resulting in a combined measurement of

𝑴𝑾 = 𝟖𝟎. 𝟒𝟎 ± 𝟎. 𝟐𝟐 𝑮𝒆𝑽
Ø This is the best method to measure MW and it will be the one used at future e+e- colliders, if any, to measure MW.

2. At center of mass energies above the threshold, the second method uses the reconstructed shape of the 
mass distribution to extract MW. Since most of the LEP data is at the higher center of mass energies,  
this was the dominant method to extract MW from LEP:

Ø The method consist to have a reconstructed  invariant mass spectrum from data and to compare it with the equivalent spectrum obtained
with simulated data;

Ø Since the MC spectrum depends on the W mass value used in the simulation, one can have several MC samples with different MW values 
and choose the value that best fit the data using a likelihood method to determine MW.

Ø The MW value obtained is 𝑴𝑾 = 𝟖𝟎. 𝟑𝟕𝟔 ± 𝟎. 𝟎𝟑𝟑 𝑮𝒆𝑽 ;
Ø This value has a much smaller error that the one at threshold, but it is obtained with a luminosity of about 700 pb-1 per experiment;
Ø The same procedure (several MC samples with different MW) is also used at the hadron colliders (Tevatron and LHC) to determine MW



q WW production cross-section is very sensitive to the W mass near the threshold.
q In 1996, each of the four LEP experiments collected about 10 pb−1 of data at 161 GeV 
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W mass at threshold

𝑴𝑾 = 𝟖𝟎. 𝟒𝟎 ± 𝟎. 𝟐𝟎 ± 𝟎. 𝟎𝟑 (𝑬𝑳𝑬𝑷 𝑮𝒆𝑽

Cross-section as
a function of 𝒔
and MW Cross-section

measurement

Theoretical curveTheoretical curve
cross-section as a
function of MW; it
depends on the
value of 𝑠



q This method extract MW by doing a reconstruction of the invariant mass of the W decay products.
q This method proceeds in three steps: 

1. selection of W W → fff’f’ events; 
2. reconstruction of invariant masses for each event;  
3. extraction of MW (and ΓW) from the comparison of the accumulated mass distributions between data and MC

q Only the three qq ̄lν ̄ and the qq ̄qq ̄ channels are used by all experiments; lνlν events are comparatively rare and 
contain little information.

q Background contamination is kept below 15% for the qq ̄qq ̄ channel and at a few % level for the other channels. 
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W mass: direct reconstruction method

q The quark pairs from the hadronically decaying W’s in each event are recognised as two ‘jets’ of hadrons by 
clustering algorithms. 

Ø It is not possible to unambiguously identify the charge of quark pairs from their corresponding jets. This gives rise, in the
qq ̄qq ̄ channel, to an ambiguity in the pairing of the four reconstructed jets. The most likely combination evaluated from 
the event topology is correct in ∼90% of cases. 

q For the direct reconstruction of the W mass from its decay products the precise knowledge of the e+e- collision 
energy is very beneficial. 

Ø Using a kinematic fit to force the events to fulfil energy and momentum conservation leads to a significant improvement in 
the resolution of the W mass.

q The four LEP experiments employ different techniques to extract MW and ΓW but basically they all rely on fitting 
using maximum likelihood methods, comparing data to fully simulated events. 



1. The invariant mass of the two W bosons is kinematically reconstructed from 
the measured energy and direction of jets and leptons in an event.

2. Experimentally, the jet energy measurement has a large uncertainty 
associated (8-10%) which translates in a poor mass resolution. In contrast, 
the jet direction is measured to higher accuracy.

3. The Lep beam energy is also a very precisely measured quantity. 
4. These information can be used to better estimate the kinematics of jets and 

leptons by imposing the constraints of energy and momentum conservation 
and performing a constrained kinematic fit (4C fit).

5. These fits significantly improve the mass resolution (by a factor 2 to 3).
6. Small additional gains can be made by imposing an additional constraint 

that the masses of the two W bosons are equal in each event (5C fit).
7. For semileptonic events, the effective number of constraints are reduced to 

2C (1C) for a 5C (4C) fit due to the three missing degree of freedom 
corresponding to the unmeasured neutrino momentum.

8. For the tau events, most of the mass information is given by the hadronically 
decaying W. A frequent assumption in constructing kinematic fits of these 
events is that the tau direction coincides with the observed decay products, 
while tau energy is unkown (due to the tau neutrino), further removing a 
constraint.
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W Mass: kinematic fit
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W Mass kinema4c fit : example of the method

We could use 5
jets (gluon) or
force them to be 4

• For each of the four fermions in the final state we have: 𝐸"; 𝜃"; 𝜑"
• For a jet we conserve the velocity 𝛽" = 8𝑃⃗" 𝐸" during the fit

because the jet direction is a well measured quantity.
• In the kinematic fit we change 𝐸"; 𝜃"; 𝜑" imposing that:

(N = 4 or 5)

• The additional constraint of equal W boson masses may also be
applied in the kinematic fit to improve further the invariant mass
resolution.

• After the kinematic fit and jet pairing, the invariant mass
may be formed:

(n = 2 or 3)



q Effect of the kinematic fit to the invariant mass distributions.
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W Mass: application of the method

The same kinematic fit is applied to data and MC distributions



q The fiUng procedure uses the maximum likelihood method to extract values and errors of the W-boson 
mass M and the total width Γ; either MW alone or both quanXXes fiYed simultaneously.

q RelaXonship between MW and ΓW in the SM: 
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W Mass: more event distributions

In order to do not really simulate MC events for each W mass, it is used the same MC sample and the events are
“reweighted” according to the cross-section of a given W mass.



q ΓW is denoted as Ψ for short in the following formula;
q The total likelihood is the product of the normalised differential 

cross section, L(minv, Ψ), evaluated for all data events. 

q For a given four-fermion final state i we have: 
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W Mass: fi;ng method

[ σi and σBG are the accepted signal and background cross sections and fi (Ψ) is a
factor calculated such that the sum of accepted background and reweighted
accepted signal cross section coincides with the measured cross section.]

q This way mass and width are determined from the shape of the 
invariant mass distribution only. 

q The total accepted signal cross section for a given set of parameters 
Ψfit is then: 

q σi
gen denotes the cross section corresponding to the total MC sample 

containing Ni
gen events. J goes to all selected events.

Ri is a weighting factor taking into account different Ψ respect to
the one used in the generator.
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W Mass in semileptonic and hadronic channels

𝑊&𝑊' → 𝑞D𝑞ℓ𝜐 has a smaller error than 𝑊&𝑊' → 𝑞D𝑞𝑞 D𝑞 (see later …)
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W Mass and Total Width: Results

0

0.25

0.5

0.75

1

80 80.280.480.680.8 81

Entries               0

80.0 81.0

MW[GeV]

LEP EWWG
c2/dof = 49 / 41

ALEPH [final] 80.439±0.050

DELPHI [final] 80.333±0.063

L3 [final] 80.263±0.058

OPAL [final] 80.415±0.052

LEP 80.376±0.033

 Summer 2006 - LEP Preliminary

0

0.25

0.5

0.75

1

1.6 1.8 2 2.2 2.4

Entries               0

1.5 2.0 2.5

GW[GeV]

LEP EWWG
c2/dof = 37 / 33

ALEPH [final] 2.14±0.11

DELPHI [final] 2.39±0.17

L3 [final] 2.24±0.15

OPAL [final] 2.00±0.14

LEP 2.196±0.083

 Summer 2006 - LEP Preliminary
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W Mass systematics

(Errors quoted do not refer to the latest results)

QCD effects causing cross-talk between W’s that bias
the reconctructed mass in the qqqq events.

Ha
dr
on
is
at
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n
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Comparison with other measurement
W-Boson Width  [GeV]

GW  [GeV]
2 2.2 2.4

c2/DoF: 2.4 / 1

TEVATRON 2.046 ± 0.049

LEP2 2.195 ± 0.083

Average 2.085 ± 0.042

pp-  indirect 2.141 ± 0.057

LEP1/SLD 2.091 ± 0.003

LEP1/SLD/mt 2.091 ± 0.002

March 2012

W-Boson Mass  [GeV]

mW  [GeV]
80 80.2 80.4 80.6

c2/DoF: 0.1 / 1

TEVATRON 80.387 ± 0.016

LEP2 80.376 ± 0.033

Average 80.385 ± 0.015

NuTeV 80.136 ± 0.084

LEP1/SLD 80.362 ± 0.032

LEP1/SLD/mt 80.363 ± 0.020

March 2012

LHC (ATLAS) and latest CDF measurements are not included in this table. Wait for the LHC lectures.



q From the cross-sections of the individual WW decay channels, each experiment determined the values of the 
W branching fractions, with and without the assumption of lepton universality.

q In the fit with lepton universality, the branching fraction to hadrons is determined from that to leptons by 
constraining the sum to unity.
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W properties: Branching Ratios

Summary of W branching fractions derived from W-pair production cross-sections measurements up to 207 GeV center-of-mass energy.
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W properties: Branching Ratios

Agreement with the SM at the 2.6 𝜎 only



q From the SM we have:
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W properties: Lepton Branching Ratio

Γ 𝑊 → 𝑒𝜈 =
𝐺, J 𝑀-

.

6 2 𝜋
≡ Γ/

Γ 𝑊 → 𝑢𝑑 = 3 J Γ/ 𝑉01 ! 1 + 2#
3

Γ4567= 3 J Γ/

Γ891:= 3 J Γ/ 1 + 2#
3

∑ $%&,(
)%*,#,+

𝑉;<
!

q Since we have 3 leptons, and assuming 
the universality, the W leptonic width is:

q The partial width into u-d quark, taking 
into account the colour and the CKM 
matrix element,  is:

q The partial width in hadron is:

Γ-= Γ4567+ Γ891:

q The total width is:

q The lepton Branching Ratio is defined as:

𝐵(𝑊 → 𝑙𝜐) =
Γ/
Γ-

1
𝐵(𝑊 → 𝑙𝜐)

=
Γ-
Γ/

=
Γ4567+ Γ891:

Γ/

1
𝐵(𝑊 → 𝑙𝜐)

=
Γ-
Γ/

=
3 J Γ/ + 3 J Γ/ 1 + 𝛼=

𝜋 ∑ ;>0,@
<>1,=,A

𝑉;<
!

Γ/

q simplifying ΓL we have

q We do some cooking:

q It can be written as:

We found a rela`onship between the lepton Branching Ra`o and the 
CKM matrix elements.



q taking:
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VCS Measurement

q and using the experimental sum:

q we can use the measured value of the Branching Ratio to extract |Vcs| which is the least well determined of these 
matrix elements: 

q The error includes a contribution of 0.0006 from the uncertainty on αs and a 0.003 contribution from the 
uncertainties on the other CKM matrix elements, the largest of which is that on |Vcd|. 

q These uncertainties are negligible in the error of this determination of |Vcs|, which is dominated by the 
experimental error of 0.013 arising from the measurement of the W branching fractions 
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Z pair production cross-section
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Z pair produc4on cross-sec4on
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q W mass prefer a light Higgs

Claudio Luci – Collider  Particle Physics – Chapter 8 48

MW: Standard Model Prediction

MW   [GeV]

M
H
   
[G

eV
]

Mass of the W Boson (preliminary)

Mt = 172.5±2.3 GeV

linearly added to
  0.02758±0.00035
6_(5)6_had=

Experiment MW   [GeV]

ALEPH 80.439 ± 0.050

DELPHI 80.404 ± 0.074

L3 80.270 ± 0.055

OPAL 80.416 ± 0.053

r2 / dof  =  40 / 41

LEP 80.388 ± 0.035

10

10 2

10 3

80.2 80.4 80.6

80.3

80.4

80.5

150 175 200

mH [GeV]
114 300 1000

mt  [GeV]
m

W
  [

G
eV

]

68% CL

∆α

LEP1 and SLD
LEP2 and Tevatron (prel.)

August 2009

If we use GF as SM input value,
then MW can be predicted by the SM
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Comparison Measurement – Standard Model
Measurement Fit |Omeas-Ofit|/smeas

0 1 2 3

0 1 2 3

Dahad(mZ)Da(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
GZ [GeV]GZ [GeV] 2.4952 ± 0.0023 2.4959
shad [nb]s0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pt)Al(Pt) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2qeffsin2qlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
GW [GeV]GW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012

Pull = !"#$%&" '()*_,!
-BCD
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Prediction of the top mass at Lep

• The top could not be produced at LEP 
because its mass was too high. However it
enters in the virtual loop, therefore it has been
possible to set limits on its mass through the 
comparison of the theoreLcal predicLons (that
include the top mass) with experimental
measurements.  

• The LEP predicLon are in agreement with 
direct measurement of the top mass done
at the Tevatron (Fermilab) once the top 
was discovered in 1994.  

t t t

t t t

The radiative corrections are function of mt
2

propagator
corrections
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sin2θW



q The success obtained at LEP to predict the top mass with an error of 5-6 MeV through the radiative correction can 
not be repeated for the Higgs boson mass because the radiative corrections depend on the log of Higgs mass, 
therefore the sensitivity is very low:
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Prediction of the Higgs mass

… waiting for LHC …



q In March 2012 almost everything was excluded but a little interval around 125 GeV
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Tevatron in 2010 and LHC at March 2012
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incl. low Q2 data

Theory uncertainty
March 2012 mLimit = 152 GeV

0

1

2

3

4

5

6

10030 300
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Excluded Preliminary

Dahad =Da(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
July 2010 mLimit = 158 GeV

March 2012July 2010

Excluded by the Tevatron
(Higgs decaying into two W)

Only this region was
allowed
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q Electroweak Lagrangian that is invariant for a local gauge transformation: 
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Higgs coupling to W and Z

    
L = Ψ

L
γ µ i ∂

µ
− g
!
I ⋅
!

W
µ
(x) −

g '
2

Y ⋅B
µ

⎡

⎣
⎢

⎤

⎦
⎥ΨL

+ Ψ
R
γ µ i ∂

µ
−

g '
2

Y ⋅B
µ

⎡

⎣
⎢

⎤

⎦
⎥ΨR

+ L
free

(
!

W,B)

q Replacing in the Lagrangian the field ϕ obtained after the spontaneous symmetry breaking

01( )
( )2

x
v H x

j
æ ö

= ç ÷+è ø

q we get the Higgs couplings with the gauge bosons:

H 
W

W

H 
Z

Z

= =
22 2

2
W

HWW
mg vg
v q

= =
22

24cos
Z

HZZ
W

mg vg
v

=
1
2Wm gvq= cosW

W
Z

m
m ( )

= »
1 246 

2
v GeV

G

𝑔EFF
𝑔E--

=
1
2

𝑀F

𝑀-

!

=
1
2
91.2
80.4

!

≅ 0.64

Higgs Boson properties



q After the spontaneous symmetry breaking we insert in the Lagrangian the field: 
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Higgs coupling to fermions

q and we get:

  01
2 v H

j
æ ö

= ç ÷+è ø

2 2
e e

R L L R R L L R
g v ge e e e e e e e H= - + - +é ù é ùë û ë ûL

m
2

e
e

g v×
=

Mass term Higgs coupling with the electron

e
e

mm ee eeH
v

æ ö
= - - ç ÷

è ø
L N.B. the coupling constant is proportional to the fermion mass

q Higgs decay into fermion pair:



q The production mechanism depends on the Higgs mass and the center of mass energy.
q At LEP1 (Z resonance) we have:
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Higgs production mechanism at LEP

q At LEP2  we have:

q For completeness, at LEP2,   we have also other diagrams,
but their contribuXon is negligeable (at LHC we have also these three diagrams):

Z propagator real, H real, Z* virtual

Z* propagator virtual, H and Z real
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Higgs production cross-section

0.1 𝑝𝑏

Higgs production cross-
section depends from:
• Higgs mass
• Center of mass energy

With a luminosity of about 100 pb-1
and reasonable detection efficiency,
we are sensitive to a cross section
of O(0.1) pb

𝑁E = ℒ J 𝜎 ≈ 10 𝐻𝑖𝑔𝑔𝑠

In order to increase the higgs mass sensitivity, we need to increase the center of mass energy and the integrated luminosity.

At Lep2 we nearly reached the kinematical limit: 𝑴𝑯
𝒎𝒂𝒙 = 𝒔 −𝑴𝒁 (the two particles are always on shell)
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Higgs produc4on cross-sec4on: zoom on Lep1

Slide from
P. Bagnaia
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Higgs Branching Ratios

The dominant decay channel is Hàbb up to MH≈ 120 GeV

The line thickness
reflects the theoretical
uncertainty

Higgs can decay into gluon
pair (gg), photon pair (γγ)
and Zγ only through high
order diagrams
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Higgs Decays Branching Ratios
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HZ decays

• Higgs boson decays into a b quark pair
• According to the Z decays we have

different event topologies:
• Z à e+e- ; μ+μ- (small B.R. but very

little background, it was the golden
channel)

• Z à νν (good compromise between
B.R. and background)

• Z à qq (High QCD background)
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Example of Higgs Candidate

Displaced verteces to tag B-jets
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Example of Higgs Candidate

§ ALEPH
qqbbee ®-+
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Example of Higgs Candidate

υυbbee ®-+

§ L3



q a
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Higgs Strategy Search at Lep-1

(This is why L3 was designed in that way!)

𝐸E + 𝐸GG = 𝑠 ⇒ 𝐸E = 𝑠 − 𝐸GG

𝐸E! = 𝑠 − 𝐸GG
!

𝑚E
! + 𝑝E! = s − 2 𝑠𝐸GG + 𝐸GG! 𝑝E = −𝑝GG

𝑚E
! = s − 2 𝑠𝐸GG + 𝐸GG! − 𝑝GG!

𝒎𝑯
𝟐 = 𝐬 + 𝒎𝝁𝝁

𝟐 − 𝟐 𝒔𝑬𝝁𝝁

ℓ&ℓ' = 𝑒&𝑒'; 𝜇&𝜇'

• The idea was to estimate the Higgs boson mass through the invariant mass
of the two lepton final state and look for a peak

proof



Presence of a
candidate
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Higgs search at Lep1: results
q No peak observed in the mH invariant mass;
q So, we needed to set a lower limit for the Higgs mass:

Ø Add other Z* decay channels in order to increase
the sensitivity (i.e. increase the production
cross-section x B.R. in a given Z* final state)

𝑍∗ → 𝜏"𝜏#; 𝜐𝜐̅; 𝑞R𝑞
Ø mH is evaluated from the invariant mass of the higgs

decay product (two b jets)

q In principle, the lower limit is estimated in this way:
1) If we have observed no candidates, we look for the

cross section that, given the integrated luminosity,
would have produced 3 higgs events
(in the Poisson statistic, a mean value of 3 could
fluctuate to 0 event at 95 C.L.)

𝑁%&' = 3 = 𝜎 𝑚( 4 ℒ)*+
2) Since the production cross-section (x B.R.) is a funcion

of mH, the limit on σ translates into a limit on the Hiiggs mass.

q In practice, we have some candidates due to the
background, therefore the lower limit has to take into
account this effect (that leads to a “worse” limit).

q In reality, things are more complicated. We will see in
a few slides, talking about higgs search at Lep-2

q Once all experiments were sure that they didn’t observe
the higgs boson, they put in “common” their data in order
to have a higher higgs mass lower limit.

Individual expe-
riments limits

Different lower
limits depends on:
• Presence of a

“candidate”
• Detector

performance
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Higgs search at Lep2

Slide from
P. Bagnaia



Claudio Luci – Collider  Particle Physics – Chapter 8 69

Higgs search at Lep2: Energy versus Luminosity

Slide from
P. Bagnaia
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Higgs searches at LEP2 versus 4me 

Evolution of the 3σ -sensitivity on mH from 1996 to 2000 Online determination of the expected significance, in standard deviations, as a function
of time in the year 2000 for mH = 115 GeV. The four dots with error bars correspond to
the observation of an excess of events in the 2000 data.

It means that the background has to
have a 3 sigma (0.3%) fluctuation
to get this point
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Higgs mass spectra
Loose cut medium cut tight cut

q With more stringent cuts we increase the purity of the sample but at the price of a much reduced statistics



q To fully take advantage of the topological, kinematical or b-quark content event characteristics 
allowing signal to be discriminated from backgrounds, likelihood methods or neural networks were 
used to construct a single combined variable x reflecting the ‘signal-ness’ of an event. 

q The distributions of this combined variable were used to assess, with large simulated event samples 
of signal and background, an mH-dependent signal-to-noise ratio s(x)/b(x), and thus a weight 
w(x, mH) = 1 + s(x)/b(x), to each candidate event. 
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Higgs analysis strategy
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Higgs search: counting candidates

𝑠7S7 = n
;

𝑠;



Claudio Luci – Collider  Particle Physics – Chapter 8 74

Likelihood ratio: -2 ln Q versus test mass MH

Example plot– what you might hope to see in the data.
Find expected (median) curves and statistical spread
from a set of ficticious MC sample of the same
luminosity and Ecm as the data

If the signal + background expected are withing the 1 sigma
or 2 sigma band of the background alone, there is now way
to see any signal whatsoever.

This log-likelihood is expected to be smaller in the presence of
signal than with background events only, and a possible
minimum would point to the most likely value for the
Higgs boson mass.



q For each test mass we define a confidence level

Claudio Luci – Collider  Particle Physics – Chapter 8 75

Confidence level

It is also called p value or p0 value

(if green and red curves are overimposed you can not claim anything)
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Begin of Lep Higgs saga
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SM results from All experiments
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What to do?



Claudio Luci – Collider  Par@cle Physics – Chapter 8 79

Let’s look at the new data
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Distribution of reconstructed mass
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Decision of the LEP commiTee
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Run Lep in 2001?
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Final Word (quoting Pippa Wells): July 2003



End of chapter 8
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End


