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1 Leptons from Collisions

1.1 Definition

The major goal of the high energy particle colliders is to investigate the structure of the matter at very
short distances. The signature of the processes that accessthe shortest distances is the large transverse
momenta of the produced particles in the final state. In addition, the creation of new particles, of different
type form the colliding particles, provides an useful tool for investigating the nature of the high energy
phenomena.

During the collision process, the beam particles can act as composed systems. The main interaction,
also called “hard scattering”, takes place actually between two constituents or “partons”. This is obvious
for the case of the proton, for which most phenomena occuringin collisions can be explained by the
proton’s quarks or gluons. Partially this is also the case for the electron or even for the photon, as will be
explained below.

In particle collisions, the primary (or “hard”) processes can be classified in several cases.

A “elastic” scattering of two elementary partonsab! ab (for instance the Bhabha scatteringe+e� !e+e� or the deep inelastic scatteringeq ! eq).
B “quasi-elastic hard scattering” where the two initial partons are also in the final state, but new

particles are createdab ! abd. This is the case for instance in the four fermion productionat
LEP if the electron-positron pair is found in the final state:e+e� ! e+e�f �f .

C “inelastic hard scattering” where the initial state partons are transformed into new particles like for
instanceab! a0b0 (for instance the Drell–Yan processq�q ! `+`�), with possibly multiplication
of final state particles by the mechanism related to the previous point:ab ! a0b0d (for instancee+e� ! �+��q�q).

In this paper we are going to review processes that yield new particles different from the colliding
partons (processes of typeB andC). In addition we focus on the production of leptons in the final state.
These processes are defined by the condition:�NL = NfL �N iL > 0,

whereN iL (NfL) is the number of charged or neutral leptons in the initial (final) state.

The production of isolated leptons at high transverse momentum in high energetic collisions is partic-
ularly interesting due to the clean experimental signature. The production mechanisms in the Standard
Model framework include weak boson decays or boson-boson fusion, as will be described below.
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1 Leptons from Collisions

The highPT lepton production reveals important information related to the matter structure at short
distances:� gauge structure and coupling strengths of the Standard Model;� composed particles structure: proton structure and study of hadronic fluctuation of the photon;� search for physics beyond the Standard Model.

In this paper we summarize the lepton production in high energy collisions at present colliders. In the
following, we will shortly present the production mechanisms and the experimental setups at LEP, HERA
and Tevatron.

1.2 Basic lepton production mechanisms in the Standard Mode l

In the Standard Model leptons couple to the photon and to the weak bosonW andZ which in turn couple
to initial state partons that can be of different nature thanthe produced leptons. It is important to note
that leptons can only be produced in pairs in the Standard Model framework. The leptonic number is
conserved and�N` can only be an even integer.

There are two production mechanisms that may produce a pair of leptons.

boson conversion

A pair of leptons can be issued from a real or virtual boson�;W (�); Z(�) or by the decays of an on-
shell weak bosonW or Z. The lepton pair production at sufficient high energies is the natural signature
for weak boson production and used in the experimental analyses of the weak bosons properties. The
lepton–boson couplings to charged or neutral bosons are described below [1].
The charged current coupling is given by:_ _^ ^W�� ���� `� or �e���I ��` or `+ ie�(1� 5) 12p2 sin �W` is e, � or � . Due to the1� 5 factor, only left-handed leptons are created or annihilated at this vertex.
There is no charged current interaction between leptons of different flavours, which correspond to no
mixing in the leptonic sector, in contrast to the quark sector where the Cabibbo-Kobayashi-Maskawa
matrix element is an extra factor in the coupling. This assumption was based on the fact that neutrinos
were believed to have no mass. The recent experimental evidence for non-zero neutrinos masses opens
the possibility of some mixing also in the leptonic sector.

The photon couples to the electrical charge of the lepton:_ _̂^� ���� f���I �f �ieQf�
2



1.3 The colliders and the ingredients

The weak interaction by neutral current is described by:_ _̂^Z0� ���� f���I �f ie�(vf � af5)
where the coupling constants are :vf = I3 � 2Qf sin2 �W2 sin �W os �W ; af = I32 sin �W os �W
with �W the weak mixing angle,Qf fermion charge andI3 the third component of the weak isospin
(�1=2 for charged leptons and+1=2 for the neutrinos). In the Standard Model the neutral currents
do not mix flavours, an assumption based on present experimental non-observation of processes with
flavour changing neutral currents (FCNC). The neutral current weak interactions trough aZ involve a
superposition of left– and right–handed charged leptons. This leads to interesting helicity effects in the
experimental observables like charge/spin asymmetries.

boson-boson fusion

In this case two bosons merge to produce a pair of leptons as showed below. The most common
mechanism in this case is the photon–photon collision. The photon fusion with a weak boson is not
favoured within the Standard Model due to the large weak boson mass._ _^ ^(Z) ���� f6_ _^ ^(Z) ���I �f _ _̂^W�� ���� f16_ _̂^(Z) ���I �f2
1.3 The colliders and the ingredients

The present study covers the three highest energy collidersLEP (e+e�) HERA (e�p) et Tevatron (p�p),
the characteristics of which are summarized in table 1.1. Intotal, LEP experiments accumulated approx-
imately 3.5 fb�1 for centre-of-mass energy ranging from 89 to 209 GeV. In their first running period,
HERA and Tevatron experiments only collected 0.25 fb�1, respectively. The second phase, recently
started both at DESY and Fermilab, should bring the available luminosities inep andp�p collision modes
close to the LEP value, for centre-of-mass energies of 319 GeV (HERA) and 1.96 GeV (Tevatron).

The highly energetic collisions of particle beams lead to a variety of primary hard scattering processes.
Besides the direct interaction between the colliding particles, the initial state processes (radiation, parton
substructure etc.) can lead to a picture where the intial beams produce secondary beams of different
particles that enter the true hard scattering. For instance, the direct electron-proton interaction at HERA
may take place in elastic scattering. In Deep Inelastic Scattering (DIS), the proton is seen as a bag filled
with quarks or gluons and HERA collides (in a “second” mode) electrons with quarks or electrons with
gluons. In the same way at LEP the flux of real photons from initial state radiation on one side can

3



1 Leptons from Collisions

HERA LEP TEVATRON

Beams e� � p e+ � e� p� �p
Expt. H1 ZEUS ADLO CDF,D0L/expt. 120 pb�1 800 pb�1 150 pb�1
Future (goal) HERA II (1 fb�1) run 2 (4� 8 fb�1)

Table 1.1: Summary of LEP, HERA et Tevatron characteristicsand performances

Collider Beams “Second” mode collisions Comment

LEP e+ � e� full use of the
ps

dominates at highPTe� �  � 
HERA e� � p elastic/diffractione� � q DISe� �  Compton � q � gq � q photo–production (frome!  !hadrons) � 
TEVATRON p� �p elastic/diffractionq � q main collision modeq � g for highPT physicsg � g for highPT physics

Table 1.2: Possible parton-parton interactions at colliders with electron and/or proton beams

collide with the electron beam from the other side or with itsassociated photon beam and therefore LEP
can function ase�  or  �  collider.

This “second” mode functionning for the considered colliders is summarized in table 1.3.

Altough this picture of the hard scattering is schematical and incomplete, it helps understanding the
main features in the capabilities of the three colliders to test the Standard Model and to search for the new
physics. The partonic luminosities [2] are shown in figure 1.1. From that picture one can see for instance
that HERA collides electrons with quarks at highest energy and luminosity up to 300 GeV. LEP has the
priority one�  collisions up to its centre-of-mass energy but HERA takes over at higher energies.

The physics potential of a collider with respect to a given process depends on the following three
factors:

Luminosity This includes the partonic luminosity as discussed above but also the total integrated collision
luminosity, which has to do rather with the existing tehnology for accelerating and colliding a
given type of particles.
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1.3 The colliders and the ingredients
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Figure 1.1: Diferential partonic luminosities (dL=dM2) at LEP HERA and Tevatron as a function of
the centre-of-mass energy of the parton-parton collision.In this figure

ps(e+e�)LEP =180 GeV and
ps(p�p)Tevatron = 1:8 TeV.

Cross section of the hard scattering. The hard scattering cross section isconvoluted with the partonic fluxes and
with the experimental acceptance in order to obtain the observed cross section. The higher the
cross section, the better the sensitivity of a given collider to the searched process.

Background The observability of the searched process depends on the rate of irreducible Standard Model back-
ground processes.

The study of the processes that yield leptons (�NL > 0) is of course dependent on the experimental
luminosity. In addition, due to the partonic nature of the interaction at HERA and Tevatron, the effective
centre-of-mass energy is reduced and a part of the input energy is lost with the proton remnants. The
phase space for particle (lepton) production at highPT is in this way reduced, in contrast to the LEP case,
where most of the time the full available energy is “consumed” for particle production. The factor of ten
in collision energy at Tevatron with respect to LEP helps to recover from that handicap, while HERA
has only a modest advantage in centre-of-mass energy versusLEP. Conversely, the small production rate
within the Standard Model for a given multi-lepton topologyproduct may be useful in the frame of some
searches for new physics, where the smaller background increases the sensitivity.
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1 Leptons from Collisions

The experimental backgrounds for lepton identification aresmall at LEP, while at HERA and Tevatron
the hadronic processes or the radiative processes with photons in the final state have a larger cross section
and represent often a challenge for the lepton identification.

In the next chapter we summarize the main experimental analyses related to the lepton production at
LEP, HERA and Tevatron. The possible models and experimental searches of the new physics using high
energy lepton signatures are described in the last chapter.
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2 Lepton Production in the Standard Model

2.1 Motivation

The measurement of energetic and isolated leptons in the final state provides a useful probe of the under-
lying processes occuring in high energy collisions. This isdue to the following facts:� The leptons are not sensitive to the strong interactions. The final state interactions are therefore

small and well understood within the Standard Model.� The leptons couple to gauge bosons. Final states containinghigh energy isolated leptons may
signal large boson masses or virtualities. The highly virtual photons resolve the matter to short
distances with interesting insight into partonic structure. The leptonic decays of heavy electro-
weak boson are gold plated channels for further electroweaksector tests.� In view of searches for non standard phenomena, events with leptons provide a clean signature.
The production cross sections are significantly lower than the quark(jet) production in the same
mass orPT range.� The charge is experimentally accessible for the charged leptons, in contrast with quarks. A high
energy neutrinos in the final state signals an underlying charged current interaction or a realW�
boson produced in the final state. This implies that a final state with high energetic leptons pro-
vides a better signature for specific subprocesses of the Standard Model or for signals beyond the
Standard Model .

The Standard Model predicts the relationship between the leptonic channels and the hadronic final states.
Therefore, if the background from QCD-like processes is nottoo high, the analysis of leptonic final states
is correlated to and complemented by the hadronic channels.

In this chapter the production of highPT isolated leptons is summarized for the experimental mea-
surements done at LEP, Tevatron and HERA colliders. The production mechanisms within the Standard
Model are briefly explained. Possible BSM interpretations of the final states with extra-leptons with highPT will be discussed in the next chapter.

2.2 High PT lepton production at LEP

In electron–positroncollisions the annihilationprocessdominates the production rate of highPT leptons.
Thee+e� pair fuses into a massive boson (� or Z(�)) that subsequently materialises into a lepton pair
(�NL=0) or a quark–antiquark pair (�NL = �2). The fermion pair production at LEP is an important
tool for measuring the electroweak parameters [3]. The measurement of theZ boson mass and width,
the hadronic pole cross section o-fZ exchange, the ratios of hadron to lepton cross-sections forthe

7



2 Lepton Production in the Standard Model
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Figure 2.1: Cross section fore+e� ! f �f as a function of center of mass energy measured by LEP
experiments around theZ pole (left) and at higher LEP2 energies (right).

three types of leptons and for theb and the quarks together with the corresponding forward-backward
asymmetries are used to extract the Standard Model parameters with high precision [4]. The cross
section of fermion pair production as a function of the center of mass energy is shown in figure 2.1 for
the centre-of-mass energy around theZ mass (left) and in the higher centre-of-mass energy regime of
LEP2 (right).

Within the Standard Model, extra lepton production (�NL = 2) is part of a higher order process
(O(�4)) leading to four fermions in the final state. As an example, the production mechanisms for four
charged fermions are shown in figure 2.2 (left). The final state with electrons is described by more
diagrams, including thet-channel scattering that is possible only in thee+e� ! e+e�ff processes. At
LEP2 energies, the four lepton production can also proceed through single or double resonant processes
with one or two weak bosons (W or Z) in the final state. The cross section of weak boson production at
LEP2 energies is illustrated in figure 2.2 (right).

In an electron–positron collider, the partons that enter the hard scattering leading to more than two
leptons in the final state can be:� e+e� : up to 4 leptons at highPT in the final state. The extra pair of leptons is produced during

the harde+e� scattering to four particles. The full2 ! 4 matrix elements calculation is used
for the theoretical calculation of this process. Resonant vector boson production is possible if
enough centre-of-mass energy is available. The final state is either fully detected or, in the case

8



2.2 HighPT lepton production at LEP
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Figure 2.2: Four fermions production mechanisms ine+e� collisions for the neutral current production
(left) and Standard Model fermion pair and boson pair production cross section as a function
of
ps at LEP2 energies (right).

of neutrinos in the final state, the energy–momentum conservation may be used to constrain the
kinematics.� e : one of the incident electrons escapes down the beampipe after producing the interacting
photon. Besides the classical QED Compton scatteringe ! e, multilepton final states can be
produced through the so-called electroweak Compton mechanism e ! e� or e ! eZ, with
subsequent boson conversion into a lepton pair. In this casethree leptons of the final state are
usually in the detector acceptance. The calculation relieson a convolution of photon flux with the
electroweak Compton scattering matrix elements. The process is tagged either by the presence of
an electron close to the beam pipe or by the missing energy aligned with the beam direction, due to
the escaping electron. The charged current EW Compton processe ! �W is also possible. The
electroweak Compton scattering provides the main mechanism of single vector boson production
at LEP.�  : two leptons in the final state. At high transverse momentum,this contribution is modest with
respect to thes–channel di-lepton production. However, it can well be measured by using “tagged”
events, where at least one of the scattered electrons is measured in a low angle detector near the
beam pipe.

The neutral current interactions lead to final states with charged leptons only in the final states in all
cases except for the Z boson conversion into a neutrino pair.The charged current interactions, mediated
in the Standard Model by W bosons, lead to final states containing neutrinos.

From the experimental point of view, the excellent hermeticity and tracking performance allow to
detect charged leptons with transverse momenta as low as 1 GeV and to signal the presence of an un-
detected particle by the missing transverse energy down to afew GeV. Depending on the analysed final
state, the energy–momentum conservation is used to improvethe resolution or to separate the signal from
the background.
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2 Lepton Production in the Standard Model

In the following, main topologies with charged or neutral leptons in the final state are described. After
a short insight into a LEP1 study of events with four fermions, we will concentrate on LEP2 data obtained
at higheste+e� collision energies.

2.2.1 Four fermion production at LEP1

Four fermion production at LEP I is based on final state topologies with two leptons plus two other
fermions`+`�f �f . The ALEPH collaboration studied events in which, besides two charged leptons used
as a tag, two other fermions are identified [5]. Using tracking information, low multiplicity events, also
called`+`�V , are selected. Part of this sample is identified as four-lepton events. The rest is attributed
to the production of two hadrons�+�� or K+K� in addition to the lepton pair. The hadron pair may
originate from the decay of the resonance formed by the quark-antiquark pair produced in the final state.

Run 15238 Event 4802ℵ ALEPH

TPC

ECAL

Figure 2.3: Minimal di-fermion invariant mass distribution for events with four fermions at LEP (left)
and a candidate fore+e� ! ���e+e� process (right).

This study revealed a good agreement between the data and theStandard Model prediction. The min-
imimum di-fermion invariant mass is shown in figure 2.3 (left). The selected events are concentrated
at low values consistent with a production mechanism based mainly on� internal conversion. Besides
events with four charged fermions, evidence for the production of charged leptons in events with neu-
trinos has also been found – an event with two charged leptonsassociated with large missing energy is
shown in figure 2.3 (right).

2.2.2 Events with charged leptons at LEP2

The search for the processe+e� ! 4`� relies on the well understood lepton identification. As an
example, we consider the flavour independent analysis performed by the DELPHI collaboration [6].
The analysis is part of a study of four fermion production through neutral current interactions at

ps =
10



2.2 HighPT lepton production at LEP183� 208 GeV. The distributions of the minimal and maximal invariantmass of the lepton pairs in the
event are shown in figure 2.4(left). TheZ peak is observed in the maximal mass distribution.

The four charged leptons final state is a rather rare process at LEP. For instance, in the flavour-blind
analysis (including therefore electrons, muons or taus among the four leptons in the final state) only 16
events were selected in the data compared with a prediction of 14.6 from the Standard Model in the data
sample corresponding to an integrated luminosity of 221 pb�1 with

ps = 204� 209 GeV.

The total cross section of four lepton production was measured at highest LEP2 centre-of-mass ener-
gies in the range from 183 to 208 GeV. The result in the highestenergy bin is�204�208 = 0:55+0:15�0:13 �0:04 pb for the flavour blind measurement of leptons withj os �j < 0:98.

The contributions of different poles can be studied if the interference effects are neglected. However,
the pure leptonic channel is not well suited for separatingZZ, Z� and�� contributions due to the low
statistics. The production of a pair of quarks together witha pair of leptons is included in the analysis
by usinge+e�q�q, �+��q�q and ���q�q final states. The purely hadronic final stateq�qq�q (four jets) is
hampered by the background from QCD processes orWW pair production and cannot be used for NC
four fermion production studies.
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Figure 2.4 shows the di-fermion invariant mass distributions obtained in a similar study done by the
OPAL collaboration [7]. A significat peak atZ mass due to resonant productionZ ! f �f is visible for
both channels and both fermion pairs. The low mass peak due tointernal conversion� ! f �f is only
visible inM�� andMee, while it is supressed by the analysis cuts for the other distributions. No other
significant peak, possibly due to a new boson, is found.

The cross sections corresponding to the semileptonic channelseeqq and��qq for various production
mechanisms are extracted by using a fit of the invariant mass spectra. The contribution from non-resonant
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2 Lepton Production in the Standard Model

process��� , from semi-resonant process�Z� and from double resonant�ZZ are measured. Thet-
channel contribution is measured in theeeqq channel. The results are [6]:�Z� = 0:129� 0:020 pb,�ZZ = 0:029� 0:006 pb,��� = 0:017� 0:008 pb and�t�hannel = 0:245� 0:045 pb (for electrons).
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Figure 2.5: The cross sections of weak boson(s) production at LEP as a function of
ps.

The production ofZ bosons pairs is possible at LEP in the highest centre-of-mass energy range. The
cross section ofZ boson pair production has been measured by LEP collaborations and is presented in
figure 2.5(up left). The raise around the kinematical threshold

ps ' 2MZ is observed. At highest energy
theZ pair production cross section is around 1 pb.
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2.2 HighPT lepton production at LEP

Three leptons at high PT in the final state

Events with three visible leptons are produced if one of the beam electrons is scattered at low angles
and escapes down the beam pipe. In this configuration, the virtuality of the photon emitted by this low
angle electron is close to zero and therefore the photon is quasi-real. The corresponding interaction
mechanism is the EW Compton scatteringe ! e�=Z. This mechanism is responsible for singleZ boson production at LEP. The final state consists of a low energy electron recoiling against a pair of
leptons or jets. The missing momentum in the event should point along the beam direction, corresponding
to the lost electron.

The contribution from� andZ can be separated by using the invariant mass spectrum of the boson
candidate decay�=Z ! f �f [8, 9]. Low invariant masses of the boson candidate, typically below
60 GeV, are dominated by the non-resonant contribution from�, larger masses are due mainly to the
singleZ production. The combined measurements of the singleZ production as a function of the LEP
center of mass energy is presented in figure 2.5(up right). The cross section is defined for the hadronic
decay channel of theZ boson and slowly increase as a function of centre-of-mass energy. At highest
LEP energy�Zee!qqee = 0:6 pb.

Charged lepton pairs produced in  collisions

At e+e� colliders, leptons pairs can also be produced in collisions. This process allows for both
Standard Model tests and searches for new phenomena coupledto the two photon collisions [10, 11].
The fermion pair production mechanism can be understood from the diagram d) in figure 2.2. The
incident electrons are scattered at low angles and are most of the time lost down the beampipe. However,
in order to separate this process from thes–channel annihilation, the “tagged” events are analyzed for
which one of the scattered electrons is detected in the sub-detectors situated close to the beam pipe or at
low angle in the main calorimeter.

The production of muon pairs in collisions allows to study QED up to the fourth order of�. This
process has been studied by DELPHI [12] using LEP1 data. The selected sample contains single tag
events only, in order to insure that one of the incoming photons is real, i.e. its virtualityQ2 ' 0. The
virtuality of the other photon is calculated from the tag electron and is in the rangeQ2 = 2:5�750GeV2.
The muons with transverse momenta up to 20 GeV are observed inthis sample. This analysis allows the
measurement of the leptonic photon structure functionF 2;`. The angle between the di-muon plane and
the plane formed by the four vector of the tag electron and thebeam direction is sensitive to the helicity
structure of the photon–photon interaction. The ratios of the helicity related structure functionsFA2 andFB2 to F 2;` are measured from this azimuthal correlations and found in good agreement with the QED
prediction.

Using the same technique to tag the photon–photon collisionby the low angle electrons, the ! q�q
process can be studied by events with hadrons in the final state. The hadron production in collisions
is a laboratory for QCD studies and the kinematical variables from the data are compared with the
prediction from models or NLO-QCD calculation [13,14,15].The modelling of the hadronic final state is
of interest also for the production by this mechanism of highmass states decaying to hadrons. However,
the effective centre-of-mass energy is lower than from the direct e+e� collisions and no anomaly has
been reported for this type of events. The photon structure is studied in deep inelastice scattering [16].
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2 Lepton Production in the Standard Model

2.2.3 Events with charged leptons and missing energy at LEP2

The productionof events with high energy leptons and missing energy at LEP proceeds mainly through W
bosons. The contribution of events in which the missing transverse momentum originate fromZ ! ���
is usually small and it will not be discussed here1.

Events with one prominent lepton and missing transverse ene rgy

In the Standard Model framework, events with one charged lepton and missing transverse energy are
produced ine+e� collisions through the production of singleW bosons. In this case, one of the incident
electrons is scattered at low angles and escapes down the beampipe (j os�ej > 0:95). The basic inter-
action is a charged current electroweak Compton scatteringe ! �W with a subsequent leptonic decay
of theW boson. In addition to this mechanism, the production of single W bosons involves the triple
gauge couplingWW ( +W ! W ). The peripheral contribution from �W fusion into a`�� pair
via at-channel neutrino exchange corresponds to the non-resonant continuum.

The singleW production ine collisions has been measured including the hadronic channel W ! q�q.
The W identification is rather loose (cut on lepton energyE > 20 GeV in the leptonic channels or a cut
on di-jet mass> 45 GeV in the hadronic channel). The measured cross section as afunction of

ps and
is shown in figure 2.5(down right). The measured cross section slowly increase as a function of centre-
of-mass energy in agreement with the theoretical expectation. At highest LEP energy�Wev = 0:8 pb.

Events with one lepton and missing energy in events with at least two jets are produced fromW pair
production processes when oneW boson decays leptonically and the other hadronically.

Events with two leptons and missing transverse energy

This topology is mainly produced by theW pair production process, with subsequest leptonic decay
of bothW bosons. The rate of such events is sizeable at LEP. In the analysis performed by the OPAL
collaboration [17], 416 events are found at highest LEP energies (

ps = 205� 209 GeV) for423:3� 2:5
predicted. In total 1317 events were detected in the highestenergy range (

ps = 183� 209 GeV).

The cross section of theW pair production has been measured including also the hadronic decays
channels and the combined LEP result is presented in figure 2.5(down left). The increase of the cross
section at the kinematical threshold

ps ' 2MW is measured. Good agreement with the Standard Model
prediction is observed. At highest LEP energy�WW = 17 pb.

2.2.4 Events with leptons and photons

Due to the initial state radiation, lower energy beam electrons are produced accompanied by photons
colinear with the beam direction. The hard scattering involves either the lower energy electrons (radiativee+e� process) or the photon (Compton scattering). The radiativeprocesses scan a large domain in the

1The leptons in events with a decayZ ! ��� are of opposite sign and same flavour. This process can be usedin principle used
to measure theZ production, but the improvement of the measurement is tiny due to the modest branching ratios involved.
The signature in the electroweak scattering of aZ ! ��� decay would be an electron at low energy and nothing else in the
detector.
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2.3 Lepton production inp�p collisions at Tevatron

center of mass energy. The Compton scatteringe ! e yields events with an electron and a photon at
large polar angles and transverse momenta in the final state,while the non-colliding electron is either lost
down the beam–pipe or detected close to it. A similar patternis observed for the non-colliding photon
in radiativee+e� interactions. The effective center of mass energy

ps0 is calculated from the detected
particles.

The analysis done by the L3 collaboration [18] uses a data sample including center of mass energies
from 89 to 180 GeV. After the deconvolution of the photon flux,the Bhabha scattering cross section
is measured for an effective cms energy

ps0 = 40 � 180 GeV. The Compton scattering cross section
is measured for

ps0 = 15 � 170 GeV. Both Bhabha and Compton measurements are found in good
agreement with the expectations. Limits on excited electron production and decaye� ! e are obtained.

The final states of four leptons plus a photon has also been studied at LEP [3, 19]. The cross section
is dominated by the ISR and therefore the topology of the observed events displays a photon detected
close to the beam pipe. The production of4` events where the photon is produced during the main hard
scattering is below 1 fb at LEP and therefore undetectable. This final state is suited for the search of
anomalous quartic gauge couplings.

Events with one or more photons and missing energy can be produced at LEP through two pro-
cesses: radiative returns to theZ resonance (e+e� ! Z) with Z! ��� , and t-channel W exchange
with photon(s) radiated from the beam electrons or theW . The cross section has been measured [20]�(e+e� ! ���()) = 4:7 � 0:8� 0:2 pb for

ps = 172 GeV and found consistent with the Standard
Model predictions of4:85� 0:04 pb.

2.3 Lepton production in p�p collisions at Tevatron

The production of leptons is a precious tool for Standard Model tests and new physics searches inp�p
collisions. The hadronic environment implies difficult background conditions for the exclusive final
states relying on multi–jet topologies. The enormous QCD jet production is still the main background
for the leptonic channels due to the jet misidentification into leptons. This experimental effect is however
under control and can be studied with data. Careful energy calibration is required in order to insure the
measurement of events with missing energy in the final state.

2.3.1 Events with charged leptons

The production of two charged leptons at Tevatron proceeds mainly through the Drell-Yan mecha-
nism [21]. The neutral current annihilationq�q ! `+`� proceeds mainly through the� or theZ boson
in thes–channel and gives rise to a pair of opposite charge leptons in the final state2.

The Z production cross section at
ps = 1:96 TeV has been measured using the most recent data from

Tevatron run 2 :�(p�p! Z +X ! e+e� +X) = 267� 23 pb. This measurement is in agreement with
the Standard Model prediction of252:1�8:8pb that takes into account the NNLO–QCD corrections [23].

The events with high mass̀+`� pairs are potential candidates for the physics beyond the Standard
Model . The search for such events has been performed on run 1 data [24] and repeated on the recent

2The production of a pair of leptons by quark-antiquark annihilation, the Drell-Yan mechanism, can be used to extract infor-
mation about the proton structure, in particular about the sea quark distribution [22]
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run 2 data. The invariant mass spectra for the di-electron and di-muon channels are shown in figure 2.6.
Events with di-lepton invariant masses up to 500 GeV have been measured. The forward backward
charge asymmetry can be measured and used to extract information about possible non-standard contri-
bution [25].

2.3.2 Events with charged leptons and missing energy

The search for events with at a lepton and missing transversemomentum has been performed on the run 1
data [26] and recently updated with the new run 2 data. The main Standard Model process that contribute
to this final state is the production of W boson through a Drell-Yan annihilationq �q0 ! W ! `�. The
main quark flavour pairs that produce W’s areu �d ! W+ andd�u ! W�. By measuring the lepton
charge asymmetries in theW production useful information is provided for the valence quark flavour
composition of the proton [27] .

Events with isolated leptons (electrons or muons) at high transverse momentumPT̀ > 25GeV and sig-
nificant transverse energyPmissT > 25 GeV are selected. The transverse mass is shown in figure 2.7(left)
for an analysis done by the CDF collaboration on run 2 data [28].

The weak boson production is a powerful test of both the electroweak sector of the Standard Model
and the proton stucture. The cross sections of the weak bosonproduction inp�p collisions is shown in
figure 2.7(right) as a function of

ps. The main systematical error is due to the luminosity measurement.
The ratio ofW to Z production cross sections is insensitive to this error and can be used to extract theW boson width.

The production of two charged leptons in events with missingtransverse energy has also been studied
at the Tevatron. The signal within the Standard Model is theW pair production. This channel has a po-
tential interest in triple gauge couplings (WW ) and Higgs production at the Tevatron (H !W+W�).
In a recent CDF analysis, five candidate events are found against an expectedWW signal of6:89� 1:53
events and a background of2:34�0:38 events in a run 2 data sample with a luminosity of approximately
126 pb�1. The cross section is measured:�p�p!WWmeas = 5:1+5:4�3:6 (stat) � 1:3 (syst) � 0:3 (lumi) pb
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Figure 2.8: AWW candidate ine�+ PmissT channel at CDF.

in agreement with the NLO-QCD calculation [29]:�p�p!WWtheo:NLO = 13:25� 0:25 pb :
A display of aWW candidate event found in run 2 data with an electron, a muon and missing transverse
momentum in shown in figure 2.8.

The production of top quarks can also lead to events with leptons and missing energy in the final
state, if one or both of the top quarks decay semileptonically t ! bW ! bl�. The top candidate
events also have at least two jets in the final state. The leptonic channel profits from a small and well
understood background and can be used for the measurement ofthe top mass by a fit to the kinematical
distributions [30] of the selected events. In the present run 2 data sample (CDF,L = 126 pb�1) atps = 1:96 TeV, a few top candidates have been identified in the semileptonic channel and the production
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2 Lepton Production in the Standard Model

cross section has been measured:�p�p!t�t = 7:3� 3:4(stat:) � 1:7(syst:)pb :
The top quark can also be single produced in association witha b quark through ans-channelW

boson splitting or via andW -gluon fusion mechanism [31]. The single top is therefore produced through
electroweak mechanisms and the production rate is sensitive to theVtb CKM matrix element. The search
for single top production is difficult due to the high background from top pair production [32, 33]. The
predicted cross section is around 2 pb and no signal has been found at present. The existing limits of the
single top production cross section obtained from the data are typically around 20 pb.

2.4 Lepton production at HERA

In electron-proton collisions, events with high energeticleptons in the final state are mainly produced
through the deep inelastic scattering process. In the interaction process, the exchanged virtual boson
resolves the quark structure of the proton. In this case the proton can be seen as a flux of quarks. The hardeq interaction may proceed through neutral currentseq ! eq (NC) or charged currentseq ! �q0 (CC).
In the case of a large virtuality (Q2) of the exchanged boson, the scattered lepton has a large transverse
momentum and leads to a prominent experimental signature: an isolated electron in the central detector
for NC and significat missing transverse momentum in the caseof CC, due to the undetected neutrino.

The CC interaction proceeds only through weak interactions(t-channel exchange of aW boson) and
is therefore in general much less intense than the NC processwhich has the important electromagnetic
component (� exchange) together with the weak contribution (Z exchange). Only at very large virtuali-
tiesQ2 'M2W;Z the CC and NC interactions have comparable rates. This can beseen in figure 2.9 where
the cross sections for the NC and CC interactions are shown asa function ofQ2 [34]. This figure beau-
tyfully show the electroweak scale unification. At highQ2 'MW;Z , the parity violating couplings play
a role and the differences between the cross sections measured ine+p ande�p collisions are observed
also for NC.

The production of more than one lepton (�NL > 0) in ep collisions is a higher order process with
respect to CC/NC processes and appears therefore at a much lower rate. The production mechanisms
involve both boson–boson fusion and boson conversion. The production mechanisms within the Standard
Model framework together with the experimental observations are described below.

2.4.1 Events with isolated leptons and missing transverse m omentum

Standard Model mechanisms

At parton level a lepton-neutrino pair can be produced via the reactionse+q ! e+q0`�. The typical
Feynman diagrams together with schematic view of the poles are presented in figure 2.10. The dominant
contribution is due to the realW boson production and its subsequent leptonic decay, shown in figure 2.10
(a and b). The boson–boson fusion, shown in figure 2.10 (c and d), count for about 5% and yields events
with flat distribution of thè � invariant mass. The CC-like reactione+q ! �q0`� involves an extraW
boson propagator connected to the initial electron in the diagrams and is therefore supressed.
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The realW production mainly proceeds through the coupling of theW boson to the quark line, shown
in figure 2.10(a). It is dominated by the photoproduction mechanism: the photon entering the reaction
from the electron side (figure 2.10(b)) is close to its mass-shell (Q2 ' 0) and fluctuates to aq�q pair.
TheW boson is then produced in aq �q0 fusion between a quark originating from the photon hadronic
fluctuation and another (different flavour) quark from the proton. Interestingly enough, the production
mechanism is of hadronic nature: the photon provides the hadronic flux in front of the incoming proton.
Due to theq �q0 knock-on nature of the hard scattering, the transverse momenta of the proton or photon
rests are typically small and therefore the transverse momentum of the hadronic final state is expected to
be close to zero.

In case of large photon virtuality, theW production is a DIS-like scattering with aW -strahlung from
the quark line. In this case the scattered electron is visible in the detector together with the charged
lepton issued from theW decay. This is the case for 25% of the simulated events in H1 detector. In this
configuration, the hadronic systemX can also acquire important transverse momentum.

The production of à�� pair in boson–boson (�W orZ�W ) collision is sketched in the diagrams
c) and d) in figure 2.10. This non-resonant production contributes to less than 5% to the total cross
section. TheW boson can also be produced by a triple boson couplingWW, by the � W fusion.
HERA sensitivity to an anomalous coupling will be discussedin the next chapter.
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2 Lepton Production in the Standard Model

Figure 2.10: The schematic view of the lepton-neutrino production inep collisions. The realW boson
production as radiation from the quark line (a) is mainly produced in photon-production
process sketched in diagram (b). The non-resonant`� pair can also be produced in at-
channel fermion exchange between two boson �W . This corresponds to a boson-boson
fusion sketched in (d). A similar mechanism yields realW bosons through triple boson
couplingsWW.

The first complete calculation ofW production inep collisions has been done in [35]. An event
generator (EPVEC) has been used to interface the calculation to the full detector simulation. The EPVEC
generator includes the QCD parton shower simulation in the final state [36].

The SM prediction forW production viaep ! eW�X is calculated by using a next to leading order
(NLO) Quantum Chromodynamics (QCD) calculation [37] in theframework of the EPVEC [35] event
generator. Each event generated by EPVEC according to its default LO cross section is weighted by a
factor dependent on the transverse momentum and rapidity oftheW [38], such that the resulting cross
section corresponds to the NLO calculation.

The NLO corrections are found to be of the order of30% at lowW transverse momentum (resolved
photon interactions) and typically10% at highW transverse momentum (direct photon interactions)
[37,39,40]. The NLO calculation reduces the theory error to15% (from 30% at leading order).

The charged current processep ! �W�X is calculated with EPVEC [35] and found to contribute
less than7% of the predicted signal cross section.

The total predictedW production cross section amounts to1:1 pb for an electron–proton centre of
mass energy of

ps = 300 GeV and1:3 pb for
ps = 318 GeV.

Another possible contribution to the signal in the electronchannel only is the production of the Z
boson with the subsequent decay to neutrinos:ep ! eZX ! e���X . In this case the isolated lepton
is the “scattered” electron. This process is also calculated in EPVEC. The main contribution at large
transverse momenta is not from the photoproduction mechanism, for which the scattered electron tend
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2.4 Lepton production at HERA

to be rather backward3, but the Cabibbo-Parisi process, induced by a fluctuation ofa photon from the
proton into ane+e� pair, with the annihilation of one of those electron with thebeam positron to produce
theZ boson4. The contribution of this process to the cross section is around 3%.

First observations

The observation of events with isolated leptons and missingtransverse momentum has been made first
at HERA back in 1994. In a sample of CC events with a transversemomentum in the calorimeterP aloT
above 25 GeV, a spectacular event with an isolated muon in thefinal state has been observed [41]. The
event was detected in a data sample corresponding to an integrated luminosity of 4 pb�1. The sum of the
expected contributions from the Standard Model processes was estimated to be 0.03 events.
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Figure 2.11: Early observations of events with isolated leptons and missing transverse momentum by
H1. Left: correlation between the distancesDjet andDtrak to the closest hadronic jet and
track, for all high-PT tracks in the inclusive event sample. Right: distributionof the selected
events inPXT andM l�T (see text): a) electron channel; b) muon channel.

The analysis of a data sample collected in the period 1994-1997 in e+p collisions corresponding to
an integrated luminosity of 37 pb�1 was performed for the phase space with large imbalance in the
calorimetric transverse momentumP aloT > 25 GeV [42]. The isolation of the charged tracks with large
transverse momentaP trakT > 10 GeV was calculated in each event with respect to the closest track
(Dtrak) and with respect to the closest hadronic jet (Djet). Figure 2.11 shows the correlation betweenDtrak andDjet for the high-PT tracks in the inclusive event sample. In most cases the high-PT tracks
are not isolated. This is expected, since the bulk of events are CC interactions with the high-PT track
located within or close to the hadronic shower. However, sixhigh-PT tracks are found in a region well
separated from all other charged tracks and from hadron jets. They belong to six events each with one
single isolated high-PT charged particle. All six isolated high-PT particles fulfill the lepton identification
criteria. One is an electron candidate and five are muon candidates.

3The origin of the coordinate system at HERA experiments is the nominalep interaction point. The direction of the proton
beam defines the positivez–axis (forward direction).

4see also next section for the explanation of this mechanism
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2 Lepton Production in the Standard Model

The total yield of events with one isolated high-PT lepton which is expected from SM processes is2:4 � 0:5 in the e� channel and0:8 � 0:2 in the �� channel. The main contribution is due toW
production, estimated in leading order to be1:7� 0:5 and0:5� 0:1 events respectively.

The kinematics of the observed events is compared to the Standard Model prediction in figure 2.11.
Shown is the distribution of the events in the hadronic transverse momentumPXT and the transverse
mass5 plane. The electron event and one of the muon events are foundin a region of phase space likely
to be populated byW production. Another muon event can, within its large measurement errors, also
be accommodated in aW interpretation. The kinematic properties of the remainingthree muon events,
together with the overall rate excess in the muon channel, disfavour an interpretation of these events
within the SM processes considered.

Events with ` + PmissT in HERA I data

The search for events with isolated leptons and missing transverse momentum has been performed on the
full HERA I dataset. The H1 analysis [43] has been extended atlower transverse momentumP aloT >12 GeV in order to increase the acceptance for the realW boson production. The leptons with transverse
momenta above 10 GeV are identified in the polar angle domain5Æ < � < 140Æ using also the detection
capabilities in the forward region. The background rejection is inforced [44] in order to cope with the
huge cross sections of the photoproduction, NC and CC processes.

The ZEUS analysis of the full HERA I data [45] specifically searches for events with isolated leptons
and missing transverse momentum having also a hadronic system at large transverse momentum. The
analysis is done in the framework of the seach for anomalous top production. Events with significant
calorimetric imbalance are selected withP aloT > 20GeV . In each such event, the leptons are identified
as isolated tracks with transverse momenta above 5 GeV in thepolar angle range17Æ < � < 115Æ. The
tracks are required to be associated with specific calorimetric patterns for electrons or muons.

A search for events with isolated tau’s at HERA has been recently published by ZEUS collabora-
tion [46]. In this case the isolated track is required to correspond to a calorimetric deposit compatible
with a narrow jet with small track multiplicity produced by ahadronic tau decay. The discrimination of
the tau signal from the quark induced jets is done by using a multivariate analysis based on six variables
related to the shape of the calorimetric deposit. The analysis of the H1 data in the� channel is currently
in progress.

The results of the search for isolated leptons with missing transverse momentum at HERA is summa-
rized in table 2.1 and figure 2.12. The data is compared with the Standard Model expectation for the full
HERA I period. The phase space region at large hadronic transverse momentum is also shown. The H1
analysis has better non-W background rejection at low and high transverse momentum.

With a more powerfull background rejection and an extended phase space at lower transverse momen-
tum [44], the H1 analysis provide clear evidence for the singleW boson production at HERA. The cross
section measured at low and high hadronic transverse momentum is shown in table 2.4.1. It is compared
to the LO and NLO predictions and found in good agreement at low PXT and slightly in excess (about2�) at highPXT .

5The transverse mass is calculated from the massless four vectors obtained by projecting the missing and the lepton momenta

on the plane transverse to the beams direction:M `�T =q(PmissT + PT̀ )2 � ( ~PmissT + ~PT̀ )2
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2 Lepton Production in the Standard Modele+p! �+X
Event MUON-2P �T = 28GeV; PXT = 67GeV; PmissT = 43GeV

H1

Figure 2.13: Display of an event with an isolated muon, missing transverse momentum and a promi-
nent hadronic system. The acoplanarity between the lepton and the hadronic system is the
signature of an undetected particle.

Both experiments observe events with isolated leptons and missing transverse energy. Good agreement
is found with the expectation from the Standard Model in the phase space at low hadronic transverse
momentumPXT < 25 GeV. An excess is observed by the H1 analysis at large trasverse momentumPXT > 25 GeV. One such event is from the H1 analysis is shown in figure 2.13. The probability of
the Standard Model expectation to fluctuate above the observed number of events is 10% for the full
sample and 0.15% atPXT > 25 GeV. The ZEUS analysis does not find such a prominent excess inthe
electron and muon channels, but observes tau events with largePXT . In total at HERA I, in the regionPXT > 25 GeV, 20 events with isolated leptons are observed for a totalexpectation of roughly9:3� 1:8.
The HERA II data, with an increase of a factor of ten in the integrated luminosity, will help in the
clarification of this observation6.

2.4.2 Events with several charged leptons

The main SM processes involved in multi–electron production at HERA are summarized in figure 2.14.

The dominant contribution is the interaction of two photonsradiated from the incident electron and
proton, also called Bethe-Heitler (BH) contribution and shown in diagram 2.14a. The kinematical pole

6The quantification of the excess based on the statisticalCLb method applied to thePXT spectrum can be found in [47].
Some possible scenarios of the excess and a discussion of thecompatibility between H1 and ZEUS observations are studied
in [48,49].
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2.4 Lepton production at HERA

Electron Muon Tau

1994-2000e�p obs./exp. obs./exp. obs./exp.

(W� contribution) (W� contribution) (W� contribution)

Full sample 11 /11:54 � 1:50 (71%) 8 / 2:94 � 0:50 (86%)
H1 phadT > 25GeV 5 / 1:76 � 0:30 (82%) 6 / 1:68 � 0:30 (88%)118:4 pb�1 phadT > 40GeV 3 / 0:66 � 0:13 (80%) 3 / 0:64 � 0:14 (92%)

Full sample 24 /20:6 +1:7�4:6 (17%) 12 / 11.9+0:6�0:7 (16%) 3 / 0.40+0:12�0:13 (49%)

ZEUS phadT > 25GeV 2 / 2:90 +0:59�0:32 (45%) 5 / 2.75+0:21�0:21 (50%) 2 / 0.20+0:05�0:05 (49%)130:2 pb�1 phadT > 40GeV 0 / 0:94 +0:11�0:10 (61%) 0 / 0:95 +0:14�0:10 (61%) 1 / 0.07+0:02�0:02 (71%)

Table 2.1: Summary of the results of searches for events withisolated leptons, missing transverse mo-
mentum and largephadT at HERA. The number of observed events is compared to the SM
prediction. TheW� component is given in parentheses in percent. The statistical and system-
atic uncertainties added in quadrature are also indicated.

Cross Section / pb

Measured SM NLO SM LO SM LO

Dieneret al. Bauret al.PXT < 25 GeV 0.146� 0.081� 0.022 0.194� 0.029 0.147� 0.044 0.197� 0.059PXT > 25 GeV 0.164� 0.054� 0.023 0.043� 0.007 0.041� 0.012 0.049� 0.015

Table 2.2: The measured cross section for events with an isolated high energy electron or muon with
missing transverse momentum (H1 collaboration). The crosssections are calculated in the
kinematic region:5Æ < �l < 140Æ; P lT > 10 GeV;PmissT > 12 GeV andDjet > 1:0. Also
shown are the signal expectations from the Standard Model where the dominant contributionep ! eWX is calculated at next to leading order (SM NLO) [37, 38] and atleading order
(SM LO) [37] and [35].

corresponds to a two photons collision sketched in figure 2.14b. The hadronic final state (X) can be a
proton (elastic process), a proton resonance (quasi–elastic process) or a high mass system in case of high
virtuality of the photon from the proton side (inelastic process).

The produced electron pair can also originate from a�=Z boson, radiated either from the electron line
(diagram 2.14c ) or from the quark line (diagram 2.14e ). Thisprocess, also called internal conversion,
has two kinematical poles. First, the Cabibbo–Parisi (CP) process, sketched in figure 2.14d), involves ane+e� interaction where one of the electrons is issued from a photon radiated from the proton7. Its con-
tribution is one order of magnitude lower than the photon-photon contribution, except at high transverse

7Pairs of leptons for which the kinematics do not correspond to the collisions have first been observed ine+e� collisions
at ADONE and interpreted as an underlyinge+e� annihilation by Cabibbo and Parisi in a private communication to the
experimentalists [50,51]
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Figure 2.14: Main processes involved in lepton pair production (left and middle) and their cross sec-
tions(right). Example of Feynman diagrams (left) for a): photon–photon interaction; c) and
e): �=Z boson conversion. The kinematical poles for basic2 ! 2 lepton pair produc-
tion processes are sketched (middle) for b): photon–photoncollisions ! e+e� ; d):
Cabibbo-Parisie+e� ! e+e� ; f): Drell-Yan q�q ! e+e�.

momentum where it contributes more significantly due to the s-channel Z boson contribution. The second
pole of internal conversions is the Drell–Yan (DY) process (figure 2.14f), involving a quark–antiquark in-
teraction where the anti-quark (close to its mass shell) is issued from a photon radiated from the incident
electron8. Its contribution is small compared to photon-photon and Cabibbo-Parisi processes [54].

The contribution of different processes can be seen in figure2.14 (right) [55] where the differential
cross section multiplied by the cube of the electron transverse momentum is shown as a function of
electronPT . The increase of the CP and DY contributions in the region ofPT ' MZ=2 is due to
the contribution of the Z propagator ins-channel for those processes. The multi–electron production
at HERA has been first computed in the photon-photon mode in [56] and implemented in the LPAIR
generator [57]. The full matrix element calculation, except for the Drell-Yan pole, is done in [58] and
implemented in the GRAPE generator which is used for signal simulation. The background is composed
from NC events with a second fake electron from the hadronic final state and from Compton scatteringep! eX where the photon is wrongly identified as the second electronin the event.

Measurement of multi-electron events

Both H1 and ZEUS experiments at HERA have measured multi-lepton production at high transverse
momenta [59,60,61].

8The contribution from Drell-Yan process has been proposed as an interesting probe of proton or photon structure at
HERA [52,53].
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2.4 Lepton production at HERA

Selection DATA SM GRAPE NC-DIS + Compton

H1 115 pb�1 20Æ < �e1;2 < 150Æ, P e1T > 10 GeV,P e2T > 5 GeV

“2e” 108 117:1� 8:6 91:4� 6:9 25:7� 5:2
“3e” 17 20:3� 2:1 20:2� 2:1 0:1� 0:1
“2e” M12 > 100 GeV 3 0:30� 0:04 0:21� 0:03 0:09� 0:02
“3e” M12 > 100 GeV 3 0:23� 0:04 0:23� 0:03 < 0:02 ( 95% C.L.)

ZEUS 130 pb�1 17Æ < �e1;2 < 167Æ, P e1T > 10 GeV,Ee2 > 10 GeV

“2e” 191 213:9� 3:9 182:2� 1:2 31:7� 3:7
“3e” 26 34:7� 0:5 34:7� 0:5 �
“2e” M12 > 100 GeV 2 0:77� 0:08 0:47� 0:05 0:30� 0:07
“3e” M12 > 100 GeV 0 0:37� 0:04 0:37� 0:04 �

Table 2.3: Observed and predicted multi-electron event rates for massesM12 > 100 GeV as function
of the number of identified electrons. The prediction errorsfor H1 analysis include model
uncertainties and experimental systematical errors addedin quadrature. For ZEUS analysis,
the predicted rates are shown with the statistical errors ofthe Monte Carlo only.

The electron identification is based on calorimetric information inforced by tracking conditions for
efficient background rejection. Electrons are measured in alarge acceptance range5Æ < �e < 175Æ,
where�e is the electron polar angle measured with respect to the incoming proton direction. The electron
energy measured from calorimetric information has to be above 5 GeV. This energy threshold is inforced
in H1 (ZEUS) analysis to 10 GeV for electrons candidates with�e < 20Æ (�e < 164Æ). The electron
candidates have to be isolated from other calorimetric deposits. In the central region defined by20Æ <�e < 150Æ for the H1 analysis and17Æ < �e < 164Æ for the ZEUS analysis, an isolated charged track
measured in the central tracking system has to be associatedto the calorimetric deposit. The identified
electrons are indexed in decreasing transverse momentumPT : P eiT > P ei+1T .

The selection of multi-electron events is based on the requirement of two central electrons with high
energy or transverse momentum. Both the H1 and ZEUS analysesrequire the first central electron to have
the transverse momentum above 10 GeV. The second central electron is required to haveP e2T > 5 GeV
(Ee2 > 10 GeV) in H1 (ZEUS) analysis. Any other electron identified is also counted and the selected
events are classified by the number of identified electrons inthe event.

The results of the H1 and ZEUS analyses are presented in table2.3. The H1 analysis, based on an
event sample corresponding to 115 pb�1, measured 125 multi-electron events, while ZEUS, with an
integrated luminosity of 130 pb�1, detected 217 such events. The di-electron sample is dominated by
the signal with a 15-20% contribution from the background. In the tri-electron sample, the background
contribution is negligible. Both H1 and ZEUS observations are in good agreement with the predicted
rates. The main difference between the H1 and ZEUS acceptances for the signal is due to a different
angular range for the central electrons.
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Figure 2.15: Distribution of the invariant massM12 of the two highestPT electrons for the the ZEUS
analysis (left). All observed events with two electrons or more are shown. Distribution
of the invariant massM12 of the two highestPT electrons for the H1 analysis (center and
right). Events are classified as di-electrons (center) and tri-electrons (right).

The distributions of the invariant mass of the two highestPT electrons are shown in figure 2.15.
Data is in good overall agreement with the Standard Model prediction. A few events with massesM12 >100GeV are observed in a region where the standard model prediction is low. H1 measured 3 di-electron
events for 0.30 expected. ZEUS observed 2 di-electron events for 0.77 expected. In the tri-electron
sample, H1 observed 3 events withM12 > 100 GeV for an expectation of 0.23 while ZEUS do not
observe events in that mass region for an expectation of 0.37. For the high mass di-electron events, the
transverse momenta of the two electrons is also important (above 50 GeV). The topology of the observed
tri-electron high-mass events is different: the transverse momenta of the two highestPT electrons is
lower (around 30 GeV) and the high mass value is associated with a larger polar opening angle between
the two electrons (“forward-backward” topology). One di-electron and one tri-electron at high mass are
shown in figure 2.16.

Alltogether, at high massM12 > 100 GeV, H1 and ZEUS observe 8 multi–electron events for an
expectation of1:67� 0:20. A possible interpretation of the observed multi-electronevents in terms of
doubly charged higgs production at HERA is presented in the next chapter.

Measurement of multi-muon events

Muons are identified using central tracker, calorimeter andmuon chambers signals. Search for multi-
muon events has been performed by H1 [60] and ZEUS [61].

The H1 collaboration measures the di-muon production for muons withPT > 2 GeV in the angular
range20Æ < � < 160Æ. Figure 2.17 (left) presents the visible cross section measured by H1 [60] as a
function of the invariant mass of the muon pair compared to the Standard Model prediction. Backgrounds
and also other sources of muon pair production like heavy hadron decays are negligible. Very good
agreement with Standard Model prediction is observed up to the highest masses and over a decrease of
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PT=32 GeV

PT=17 GeV

PT=20 GeV

PT=63 GeV

PT=62 GeV

2e 3e

Figure 2.16: Event displays of two of the H1 multi-electron candidates: a di-electron (left) with large
electron transverse momentum and a tri-electron (right) atlowerPT with forward-backward
topology of the highestPT electron pair that formM12.

four orders of magnitude. The integrated cross section in the visible phase space has been measured to46:5� 4:7 pb which is in good agreement with the prediction of 46.2 pb.

A search for multi-lepton events (`��) at highPT has been performed by requiring at least two muons
in the region20Æ < � < 150Æ with transverse momentaP�1t > 10 GeV andP�2t > 5 GeV. Additional
muons must be detected in the central region of the detector,20Æ < �� < 160Æ, with a minimum
transverse momentum of1:75 GeV. Additional electrons are searched for in the polar angle range5Æ <�e < 175Æ and are required to have a minimum energy of5 GeV. With this selection 56 di-muon events
are found, among which 16 events have an extra identified electron (��e events). In figure 2.17 (center)
the di-muon mass distributions of events classified as�� events or as��e events are compared with the
theoretical expectations. Both mass distributions are in agreement with the Standard Model calculations.
The distribution inM12, the invariant mass of the two leptons with the largestPt, is shown for the��e
sample in figure 2.17 (right). This mass combination is selected in order to compare with the H1 multi-
electron analysis, where the scattered electron cannot be identified uniquely. For approximately half of
these events, the two leptons with the highestPT are the electron and a muon. For these events, the mass
distributionM�e12 is also shown in figure 2.17 (right).

For massesM12 > 100 GeV (> 80 GeV) one�� event is found, while0:08 � 0:01 (0:29� 0:03)
are expected. This inelastic event with two well identified muons has a mass ofM�� = 102� 11 GeV.
No event classified as��e with M12 > 100 GeV is observed. The prediction is0:05 � 0:01. These
results at high di-lepton masses are in agreement with the Standard Model predictions. In view of the
present limited statistics, they cannot be used to draw firm conclusions concerning the high mass excess
observed in the multi-electron analysis.

In the ZEUS analysis two muons withP�1;2T > 5 GeV in the angular range20Æ < � < 160Æ are
required. With an analyzed data sample corresponding to an integrated luminosity of 105 pb�1, ZEUS
detects 200 events for an expectation of 213�11stat. No event with two muons at high massM�� >100 GeV is observed.

It should be noted that the detection of the muon as a “third” lepton is presently done for a polar angle� > 20Æ, while the electrons are detected in a more forward region� > 5Æ. It is important to extend
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Figure 2.17: Muon pair production cross section as a function of the invariant di-muon mass (left).
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the electron.

in future the search for muons at a lower polar angle because high mass states tend to be boosted in the
forward direction (at low polar angles) at HERA.

In the case of a multi–electron final state, there exists the possibility that the “scattered” electron is a
part of the highestPT electron pair and that one of the “produced” electrons is lost down the beam pipe.
This is expected to be the case for half of the di-electron events at high masses (M > 100 GeV), as
predicted by the GRAPE generator [58] . The full cross check of the production of multi-lepton events
with muons should include thee� final states in the future.
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3 Isolated Leptons as Signals Beyond the
Standard Model

3.1 Welcome to BSM-land!

What is usually called “physics beyond the Standard Model” (BSM) is a part of the unknown. The
theories not yet positively confirmed or falsified by the experimental data (including the mechanism of
symmetry breaking of the Standard Model) have an equal probablity to be true.

At colliders, highPT lepton production is a signal easy to measure. The processesproducing leptons in
the final state span a large range of Standard Model tests, as has been illustrated in the previous chapter.
The events with high energy leptons also provide gold platedchannels for the observation of the new
physics beyond the Standard Model.

There are many patterns in which the theories extending the Standard Model are classified. The most
extensive ones define problems of the Standard Model and classify the models according to the solutions
to those problems. There are theories that would like to savethe Standard Model from family replication,
from fine tunning, from leptons and quarks non-symmetry, from neutrinos being too light or from the
top quark being too heavy. It might well be that some assumption or the theory as a whole is part of the
NSM (next Standard Model). Only new experimental data can solve the puzzle.

Here we adopt a sequential scheme to classify the models of the new physics, according to the proxim-
ity of the new phenomena to the final state leptons. The idea isthat, if some signal above the background
show up in the data, the source of the deviation can be localized at various levels during the evolution
from the initial state to the final state. This is illustratedin figure 3.1. The particle production is repre-
sented as a tree where the new (BSM) mechanism modifies one of the vertices during the hard interaction
process:

1

2

3

l

l’

B
f

Figure 3.1: Lepton production in a fermion-boson-leptons cascade. The anomaly beyond the Standard
Model may occur in lepton (1), boson (2) or fermion (3) production couplings (see text).
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3 Isolated Leptons as Signals Beyond the Standard Model

1. The lepton couplings are modified. This is the case if the leptons are produced by a new scalar or
vector boson (H++;W 0; Z 0).

2. The vector bosons of the Standard Model are anomalously produced by tri-boson anomalous cou-
plings or in the decays of new fermions, for instance the excited fermions.

3. A special case in the Standard Model is the top quark, the only fermion that decays into realW
bosons. The source of anomalies in the lepton production mayalso be traced back to an anomalous
top production.

Examples related to these patterns for physics beyond the Standard Model are discussed in this chapter.

3.2 Anomalous lepton production

Anomalous production of leptons at high transverse momentacan be predicted by theories that incorpo-
rate new symmetries and new bosons decaying to Standard Model leptons. The most constrained BSM
theory is the Standard Model itself for the scalar sector, not yet measured experimentally. However
couplings are predicted to be proportional to the mass and little impact from the direct Higgs decay to
leptons is expected.

New scalar and vector bosons are proposed in models that extend the Standard Model, like the Left-
Right Symmetric, supersymmetric, GUT models or combinations of those [62]. Examples of searches
for such new bosons are described below.

3.2.1 New charged and neutral vector bosons

The search for extra gauge boson production (W 0; Z 0) in p�p collisions at the Tevatron is done using
the leptonic decay channel. The hadronic decay channel has little sensitivity due to the large QCD
background.

The search for a neutralZ0 boson is based on the detection of two charged leptons (electrons or muons).
The main Standard Model contribution is due to the Drell-Yanprocess, as mentioned in the previous
chapter. The searched signal is a peak in the di-lepton invariant mass spectrum. No such peak has been
detected up to now and the data is in good agreement with the expectation from the Standard Model up
to the highest observed masses, as mentioned in the previouschapter (figure 2.6). An asymmetry in the
angular distribution for high mass lepton pairs can also be asign of a new boson and can be used for
instance to investigate the indirect effects of a compositeness model [25]. Limits on the production ofZ 0
are obtained by combining the electron and muon channels. Neutral boson masses are excluded at 95%
confidence level for masses below an upper limit in the range between 545 and 730 GeV, depending on
the models.

A search for an extra charged gauge bosonW 0 is performed in events with leptons and missing energy.
In the analysis done by CDF on run I data [26] assuming the strength of the Standard Model coupling,
the W’ mass limit is set to beM(W 0) > 755 GeV at the 95% confidence level.

The Tevatron sensitivity to extra gauge bosons decaying to SM leptons should finally reach about
1 TeV in run 2, while4� 5 TeV should be accessible at the LHC [28].
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3.2 Anomalous lepton production

3.2.2 Doubly charged higgs H++
The Left-Right (LR) symmetric models [63, 64, 65] provide some interesting features like the see-saw
mechanism that explains the smallness of the neutrino mass together with the non-observation of right
handed currents. The LR Standard Model extensions of the Standard Model predict higgs boson triplets
containing doubly charged HiggsH++. Due to the charge, they can only couple to leptons. This is
an example of a BSM process that affects only the leptonic sector [62]. Since the Higgs triplet is not
related to the symmetry breaking mechanism, the coupling isnot necessarily proportional to the mass
and can therefore be large also in the case of electrons and muons. The mechanisms ofH++ production
at colliders are shown in the diagrams of figure 3.2.
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Figure 3.2: Mechanisms involving doubly charged higgs at colliders (left) and world status of the limits
on the coupling to electronshee versus Higgs mass. The previsions for next running period
at HERA II is also indicated.

Doubly charged higgs particles can be pair produced at the Tevatron through a Drell-Yan mechanisme+e� ! H++H��. The final state consists of four charged leptons and has little background. The
production cross section is independent of theH++ couplings. At the Tevatron the search for resonances
in a sample of events with four electrons or two electrons andtwo muons has started for Run II data [28].
A sensitivity up toMh�� ' 180 GeV is forseen for the full run II data taking. The pair production
mechanism has also been studied at LEP [66]. No deviation with respect to the Standard Model has been
found and a lower limit on theH++ mass of about 100 GeV has been derived at 95% confidence level,
independent of the couplings.
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3 Isolated Leptons as Signals Beyond the Standard Model

At HERA, singleH�� can be produced in a harde(�) scattering. The final state consists of two or
three charged leptons which may make theH++ production an attractive interpretation of the high mass
multi-electron events observed at HERA and discussed in theprevious chapter. But this is not the case
since among the six events with two or three electrons at highmass only one remains consistent with theH++ interpretation [67].

The singleH++ production is also possible at LEP [68] through a mechanism very similar to HERA.
The final state consists of two or three leptons, searched forin an flavour independent analysis. The
main Standard Model backgrounds are the fermion pair production and the production of events with
four leptons. The requirement that same-sign leptons form the higgs candidate at high mass reduces the
background typically by a factor of 10-20 in the final stage ofthe analysis. The final sample consists of
55 events, in rough agreement with the Standard Model expectation of44�2. The events are uniformely
distributed in invariant mass from 80 GeV up to roughly 150 GeV. In contrast, in the H1 analysis, the
Standard Model expectation falls steeply with the invariant mass. However, the larger luminosity of LEP
ensures a better sensitivity forH++ searches.

At LEP, the doubly charged Higgs boson can modify the Bhabha scattering cross section due to the
exchange in thet-channel. The Bhabha cross section has been measured and found in very good agree-
ment with the Standard Model prediction. Indirect limits onthe doubly charged higgs model parameters
(mass and couplings) can be obtained.

The status ofH++ searches is shown in figure 3.2. The exclusion limit at 95% confidence level on the
couplings to electronshee is shown as a function of theH++ mass.

3.2.3 Bileptons

New bosons can also be studied in a more general framework of bileptons [69], bosons that couple to
leptons but not to quarks. A special case are the bileptons for which the leptonic numberL = 2 which
explicitely prevents the boson coupling to quarks.

Simply charged bileptonsL�, coupling to a lepton-neutrino pair, can be produced by pairs at LEP
or Tevatron and yield final state topologies with two leptonsand missing transverse momentum, similar
to theW–pairs in the case in which both W bosons decay in the leptonicchannel1. At HERA, singleL� can be produced ine collisions (e+ ! �L+) and yield final state topology similar to theW
production process discussed in the previous chapter. The hadronic system is expected to have low
transverse momentum and an important fraction of the production cross section should belong to the
elastic process, for which the proton is left unbroken and nohadrons are observed in the main detector.
This makes unlikely the interpretation of the outstanding` + PmissT events as bileptonL� production.
The single charged bileptons can also be simply produced at LEP ine collisions, with a similar final
state as the singleW production in case of theW leptonic decay. This production channel should provide
a sensitivity to bileptons with mass up to the available

ps at LEP.

The doubly charged bileptons can also be produced by pairs atLEP and Tevatron and singly at LEP
and HERA. The production of doubly charged bileptons can yield final states with multi-leptons, partic-
ularly interesting in view of the observed multi–lepton events at HERA. The case of the doubly charged

1The search for charged Higgs pairs can also be interpreted interms of searches for bilepton pairs if the hadronic decays are
ignored. In the ALEPH analysis [70], a lepton-flavour blind search for tau decays a limit for the production cross section
around 0.8 pb�1, assuming 100% branching ratio to� ��� . However the rejection of theW–pairs relies on the charged higgs
model. Supposing the effect of the signal modelling is small, this analysis can also be used to extract a limit on the bilepton
pair production at LEP.
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3.3 Anomalous EW boson production

higgs presented above gives an idea about the relative sensitivities. However, it would be interesting to
perform a complete analysis of the “hadro-phobic” boson production at LEP, HERA and Tevatron in the
framework defined in [69].

3.3 Anomalous EW boson production

The lepton production through the Standard Model weak bosons can present anomalies if those bosons
result from new particle decays. Two examples are given here.

3.3.1 Excited fermions

An anomalous production of weak bosons can result from the radiative decay of higher mass excited
states of the known fermions. Excited fermions represent a natural scenario for the compositeness ex-
tensions of the Standard Model. The production and decay of excited fermions are described in terms of
the phenomenological Lagrangian proposed in [71].Lff� = e� ;Z;WXV �F ����(V � dV 5)F��V� + h:: (3.1)

whereV anddV are coupling constants at the fermionF $ F � vertex labelled for each vector boson V,
and� is the compositeness scale. The precise measurement of muong�2 and the absence of an electron
or muon electric dipole moments implies thatV = dV for compositeness scales less than 10–100 TeV.
This fact leads to an interaction Lagrangian where the coupling constants of excited fermions to Standard
Model gauge bosons are described in terms of three constantscorresponding to the three gauge groups:f for SU(2)L, f 0 for SU(1)Y andfs for SU(3)C. For specific assumptions relatingf , f 0 andfs the
branching ratios can be predicted and the cross sections aredescribed by a single parameter (e.g.f=�).

The search for excited fermions is performed at all colliders by searching for fermion-boson reso-
nances. As an example, the mechanisms of excited electron production are shown in figure 3.3 (left).
Although the branching to a photon is favoured in the majority of parameter configurations, the coupling
to the photon can vanish in some cases. For instance the��� coupling tends to zero forf = f 0. In
this case the decay�� ! � is forbidden and the search for�� must rely on final states with weak
bosons [72]. Similarly, the decaye� ! e is forbidden forf = �f 0 and the excited electron decays
only in eZ channel [73].

No signal for radiative decays of a high mass fermion has beenfound. The limits on coupling nor-
malized on the compositeness scale (f=�) are calculated. The present status for the excited electrone� is shown in figure 3.3. LEP excludes, with high sensitivity tothe coupling, excited electrons with
masses up to

ps. Beyond that, HERA experiments, for which thee� production proceeds with photons
from the proton, provide sensitivity for masses up to 250 GeVbut for couplings ten times larger than at
LEP. The production at Tevatron has less sesitivity for low couplings but it may directly probe excited
fermion masses well beyond HERA or LEP. For the next running period, HERA will have the priviledged
discovery window at low couplings and for masses in the rangebetween 200 and 300 GeV.
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Figure 3.3: Mechanisms of excited electron production at colliders (left) and the 95% confidence limits
of the coupling normalized to the compositeness scale as a function of the excited electron
mass (right, figure from [28]). Previsions for next running periods at HERA and Tevatron are
also indicated.

3.3.2 Gauge bosons anomalously coupled

The Standard Model of particle physics is a non-Abelian theory and therefore predicts that the gauge
bosons interact with each other, allowing coupling vertices such asWWZ andWW. The trilinear
couplings can be measured experimentally. For instance, the flattening of thee+e� ! W+W� cross
section with

ps (figure 2.5) is the experimental proof of the existence of thetri-linear coupling [74,75]
that damps the linear increase of the cross section predicted by the W pair production mechanism pro-
vided by a neutrino exchange in thet-channel. The value of the couplings may be modified by radiative
corrections involving particles predicted by extensions to the Standard Model such as Supersymmetry.
Models based on substructure of the gauge bosons would also lead to non Standard Model or ”anoma-
lous” couplings. Making experimental measurements of the couplings is therefore an important test of
the Standard Model and its extensions.

The most general Lorentz invariant Lagrangian which describes the triple gauge boson interaction has
fourteen independent complex couplings, seven describingthe WW vertex and seven describing the
WWZ vertex [76]. Assuming electromagnetic gauge invariance as well as C and P conservation, the
number of independent TGCs reduces to five. A common set isfgZ1 ; �Z; �; �Z, �g wheregZ1 = �Z =
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3.4 Anomalous top production� = 1 and�Z = � = 0 in the Standard Model . The parameters proposed used by the LEP experiments
aregZ1 , � and� with the gauge constraints:�Z = gZ1 � (� � 1) tan2 �W ; (3.2)�Z = � ; (3.3)

where�W is the weak mixing angle. The couplings are considered as real, with the imaginary parts fixed
to zero.

Note that the photonic couplings� and� are related to the magnetic and electric properties of the
W-boson. One can write the lowest order terms for a multipoleexpansion describing the W- interaction
as a function of� and� . For the magnetic dipole moment�W and the electric quadrupole momentqW one obtainse(1 + � + �)=2mW and�e(� � �)=m2W, respectively.

Parameter (95% C.L.) Standard Model LEP Tevatron (D0 - run I) HERA (40 pb�1)� 1.0 [0:835; 1:052] [0:02; 2:01℄ [�3:7; 2:5]� 0.0 [�0:067; 0:028] [�0:33; 0:31] [�3:2; 3:2]

Table 3.1: The 95% C.L. intervals obtained combining the results from the four LEP experiments and
from the D0 and ZEUS analyses. In each case the parameter listed is varied while the other
two are fixed to their Standard Model values.

The measurement of triple gauge couplings has been performed at LEP. For instance, in the analy-
sis [77, 78] done by ALEPH collaboration, theWW vertex is investigated in events with single pho-
tons, singleW bosons orW pairs. No deviations from the Standard Model are found. The triple gauge
couplings are tested at Tevatron in the di-boson production, for instance in the D0 analysis of the run
1 data [79]. The best sensitivity is obtained in theW channel where limits on the deviations of the
couplings from their Standard Model values are obtained. AtHERA, the single production of W bosons
can in principle also be used to set limits on the anomalous triple gauge couplings. HERA sensitivity to
an anomalous coupling has been investigated by the ZEUS collaboration [80].

The 95% confidence intervals from the three colliders are presented in table 3.1. Deviations from the
Standard Model with� 6= 0 or�� = � � 1 may lead to a production of` + PmissT events with atypical
kinematical properties at HERA [81]. However, HERA sensitivity is significantly smaller than that of
LEP or the Tevatron to this type of anomalus couplings and therefore the interpretation of the events
with isolated leptons and missing transverse energy as W production through an anomalous triple gauge
coupling is largely disfavoured.

3.4 Anomalous top production

Due to the large top quark mass close to the electroweak scale, phenomena related to the top quark may
have the best sensitivity to new physics phenomena. The top quark is only produced at Tevatron, mostly
in pairs. LEP and HERA colliders provide sufficient centre-of-mass energy for a single top production inee andep collision, respectively. However, the top production cross section within the Standard Model
is very low of about 1 fb at HERA [82,83] and10�4 fb at LEP [84].
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3 Isolated Leptons as Signals Beyond the Standard Model

Single top search Electron Muon Hadrons

1994-2000e�p obs./exp. obs./exp. obs./exp.

(top efficiency) (top efficiency) (top efficiency)

H1118:4 pb�1 3=0:65 � 0:10 (36%) 2=0:66 � 0:12 (38%) 18=20:2� 3:6(30%)
ZEUS 130:2 pb�1 0=0:94 +0:11�0:10 (35%) 0=0:95 +0:14�0:10 (35%) 14=17:6+1:8�1:2 (25%)

Table 3.2: Summary of the results of searches for anomalous top production in electron, muon and
hadronic channels at HERA. The number of observed events is compared to the SM predic-
tion. The efficiency to detect top quark decays in the specified channels is given in parentheses
in percent.

The top quark could be produced at HERA and LEP if flavour changing neutral currents were allowed
in the top sector [85]. The production mechanisms would be based on the non-vanishing couplings of
the top quarks to the light quarks of same charge (up and charm) and to the neutral bosons (; Z). In
this case, the production of single top quarks at LEP and HERAwould proceed through the mechanisms
sketched in the diagrams of figure 3.4. In addition, anomalous top quark decays to neutral bosons should
be observed in the top sample produced at the Tevatron. The process is usually described2 using the
anomalous couplings�qt (magnetic coupling to the photon) andvZqt (vector coupling to the Z) withq = u; .

The search for anomalous decays (t ! q and t ! qZ) of the top quark has been performed at
Tevatron [87]. Top pairs are searched for in events for in which one top quark decays via the dominating
Standard Model modet ! bW (the branching ratio is100% in the Standard Model ) and the second
via FCNC decays. Two candidate events are found in this search: one event in the modet ! qZ for
which 1.2 events are expected, the second event in the modet ! q for which the background is not
calculated. Conservative limits are derived by assuming that the observed events belong to the signal.
The 95% confidence level limits on the branching fractions are:Bt!q < 3:2% Bt!Z < 33%
The branching fractions for FCNC decays are proportional tothe square of the anomalous couplings [88].
Therefore upper limits on the anomalous FCNC couplings can be calculated. The limits related to the
photon andZ are independent. The flavour of the final state is not tagged and the limits apply to bothtu or t couplings.

At LEP, the FCNC couplings may lead to associated top-charm or top-up production in ae+e� anni-
hilation via a�=Z. The FCNC single top production depends on the couplings tou and quarks, that is
four types of couplings:tu, t, tuZ andtZ. The main dependence is proportional with the square of
the couplings, with some small intererence effect. The events are searched with a top candidate recoiling
against a hadronic jet [89, 90, 91]. Limits on the single top production cross section are obtained in the
range0:2� 0:7 pb at various centre-of-mass energies.

If single top quarks are produced at HERA, the experimental signature of the leptonic decays channelt ! bW ! b`� corresponds to events with isolated leptons, missing transverse energy and a prominent
2For a complete langrangian with FCNC in the top sector see forexample [85,86]

38



3.4 Anomalous top production

γtuκ
0 0.2 0.4 0.6 0.8 1

tu
Z

v

0

0.2

0.4

0.6

0.8

1

H1 (prel.) 94-00

=170 GeVtopM
=175 GeVtopM
=180 GeVtopM

Excluded by CDF

LEP prel. (Born-Level)

)
-1

ZEUS (1 fb

 exclusion regiontuZ-vγtuκ

=0tcZ=vγtcκ
ZEUS (prel.) 94-00

ZEUSSearch for FCNC top couplings

H1(94−00)

−1Tevatron 2fb

HERA II

Figure 3.4: Mechanisms involving FCNC top couplings at colliders (left) and world status of the limits
on thetu andtuZ couplings. Previsions for next running periods at HERA and Tevatron
are also indicated.

jet. This is particularly interesting in view of the excess of events of this type observed by H1 and
discussed in the previous chapter. For the hadronic channel, the signature is three or more jets with
high transverse momenta. The search for anomalous top production at HERA is summarized in table 3.2
(H1 [86] and ZEUS [45]). In the H1 analysis, a part of the events with isolated leptons, missing energy
and a prominent hadronic jet are also found as top candidatesin the electron and muon channels: 5 events
for an expectation of1:3� 0:2. In the hadronic channel the sensitivity is much reduced dueto the high
background originating from QCD multi-jet production.

The limits at 95% confidence level on the anomalous couplings�ut andvZut obtained at LEP, Teva-
tron and HERA are shown in figure 3.4. The sensitivity to the Z couplings has been studied by the ZEUS
collaboration and found to have a non-negligible impact at large values ofvZut, a region however already
excluded by LEP and Tevatron.

In order to extract the top quark production cross section, amultivariate likelihood analysis is per-
formed by H1 in addition to the cut–based analyses. The top signal contribution in each channel is
determined in a maximum–likelihood fit to the likelihood discriminator distributions. The results from
the hadronic channel do not rule out a single top interpretation of the candidates observed in the electron
and muon channels. For the combination of the electron, muonand hadronic channels a cross section
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3 Isolated Leptons as Signals Beyond the Standard Model

for single top production of� = 0:29+0:15�0:14 pb at
ps = 319 GeV is obtained. This corresponds to a

magnetic coupling�tu of 0:20+0:05�0:06. This result is not in contradiction with limits obtained byother
experiments. The addition of a contribution from a model of anomalous single top production yields a
better description of the data than is obtained with the Standard Model alone. The new data at HERA II
will allow the improvement the sensitivity to the anomalousmagnetic coupling�tu by roughly a factor
of two. For the FCNC coupling to theZ boson, a gain in sensitivity beyond the present LEP limit is
expected from the Tevatron run 2 data.

3.5 Supersymmetry

The scheme presented in the beggining of this chapter (figure3.1) is of course not a theory, but rather a
pretext to discuss the path to new physics interpretation, once some deviation from the Standard Model is
found in the experimental data. A popular theory that extends the Standard Model is the supersymmetry
(SUSY). SUSY provides the unification of internal symmetries with the Lorentz invariance and asso-
ciates supersymmetric particles (sparticles) to the known Standard Model particles. The supersymmetric
models propose solutions to most of the Standard Model problems (hierarchy, fine–tunning, unification)
and predict spectacular final states to be obtained in particle collisions. Despite extensive studies at
colliders and elsewhere, no trace of SUSY has been detected yet.

As an example of the capabilities of the SUSY theories to predict spectacular topologies, we shortly
present here several hypothesis, some of them not yet fully explored with the present data, that may
explain the production of events with highPT leptons at HERA. The production of singlesparticles is
possible at colliders if the multiplicative quantum numberRp is violated (for a particle, theR–parity isRp = (�1)3B+L+2S whereB is the baryon number,L the lepton number andS the spin). For instance,
the violation of theR–parity opens the possibility of squark production in thes–channel at HERA due to
the electron-quark-squark Yukawa coupling. A special caseis the stop (~t) which in most SUSY scenarios
is the lightest SUSY particle.

The produced squarks can decay toeq or �q troughRp–violating coupling producing events with
the same topology as the deep inelastic scattering process.However, gauge decays into a quark and a
chargino or a neutralino may lead to complex final state topologies, including configurations with high
energy leptons.

There are a few possibilities to produce events with isolated leptons and missing transverse momentum
in squark decays at HERA3:� If the squark decay via gauge decays~q ! q�+, the semi-leptonic decay of the chargino into a

neutralino�+ ! ��`� issue an isolated leptons and missing energy together with alargePT jet
from the primary squark decay. If the neutralino is stable, it can travel undetected the apparatus
and induce extra missing momentum. The same topology is obtained in the case of the decay
chain~q ! q�+ ! q�~l. If the slepton is stable, then it can fake a muon signature inthe detector.
However, a stable neutralino or a stable slepton require a SUSY parameter space that is already
severely constrained from LEP analyses.

3In most scenarios the charge of the prominent isolated lepton in the event correspond to the lepton beam charge
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3.6 The model independent new physics search� If in the same configuration as above the neutralino can decayvia aRp violating coupling:�0 !eq�q or�0 ! �q�q. This will give rise to events with either several jets or several charged leptons in
the final state. Searches of squark production at HERA by the H1 collaboration have not detected
any deviation from the Standard Model prediction [92, 93] and constrained the squark masses up
to 290 GeV. The H1 events with isolated leptons and missing transverse energy do not correspond
to the predicted topology in the SUSY parameter space, mostly because no multi–jet shape of the
hadronic system is observed.� If we consider the resonant production of stop quarks at HERA, a SUSY parameter space can be
considered where the stop is heavier than the sbottom. If in addition the charginos are heavier
than the stop, the following channel may have an important contribution to the stop quark decay~t ! ~bW with subsequentRp violating decay~b ! d�. This decays chain produce events with
isolated leptons and missing energy accompanied by a prominent hadronic system ifW ! `�
or events with three jets and missingPT in the case of hadronicW decays. In addition, theRp
violating decays~t ! eq are also present and provide a cross–check of the stop production at
HERA in this scenario.� In the case of two non–zeroR–parity violating couplings, the slepton produced in chargino decay
can undergo a leptonic decay via a� coupling: �+ ! ~̀+� ! `+��. A large number of final
states should be observed at HERA ine+p collisions [94,95] (j denotes a hadronic jet):e+p! ~t! ~�+1 b! `+j�� ; `+`+`�j ; `+jjj ; jjj�e+p! ~! ~�01! `+`�j� ; `�jjj ; jjj�
Events with an isolated lepton, missingPT and prominent hadronic system are predicted to ap-
pear in conjunction with tri-lepton events and a jet. The compatibility of this hypothesis with
the observation of both thè+ PmissT events and the multi-lepton events at high mass has to be
investigated4.

SUSY processes may also produce events with several energetic charged leptons. For instance, the pro-
duction of scalar neutrino [96] via aRP violating coupling in the leptonic sector (� ), e+p! �+ ~��X !�+��e+X . The signal should produce a peak in the invariante+�� mass distribution. If tau leptons are
produced in the final state (trough a different� coupling,e+p ! �+ ~��X ! �+��e+X), events with
narrow jets and missing transverse momentum should be observed.

The supersymmetry can be at the origin of the outstanding events with leptons observed at HERA,
altough the most popular scenarios are not likely. A rich phenomenology, with numerous decays channels
- typical for theRp violating SUSY - provides a cross check of this hypothesis and invites for further
detailed analyses.

3.6 The model independent new physics search

The data can also be investigated in an model independent approach in order to search for deviations
from the Standard Model predictions. The general search fornew phenomena has been pioneered by the

4No significant missingPT has been detected in those events. Only one among the six H1 multi-electron events at high mass
have a clear hadronic system.
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Figure 3.5: The reasult of the H1 general search. The data ((points) and Standard Model expectation
(histogram) for all event classes with a SM expectation greater than0:1 events are shown.

D0 collaboration [97]. The idea is to define a common phase space for all types of final state identified
particles. The events are then classified according to the particle content. Kinematical quantities are
defined, like the mass and the scalar transverse momentum, and a non-biased search algorithm is applied
in order to look for local deviations that may appear due to for instance to a hypothetical multi–channel
decay of a heavy particle.

The analysis has also been performed by the H1 collaboration[98]. ‘Objects” are defined from particle
identification: electron (e), muon (�), photon (), jet (j) and neutrino (�) (or non-interacting particles).
All final states are analysed having at least two objects witha transverse momentum (PT ) above20 GeV
and in the polar angle range10Æ < � < 140Æ. All selected events are then classified into exclusive event
classes (e.g.ej, jj, j�) according to the number and types of objects detected in thefinal state. The
event samples selected in the different classes are shown infigure 3.5. A very good agreement is found
for nearly all those topologies which is a great achievement, taking into account the complexity of the
final states that are studied. The data fluctuate over the Standard Model in the�j�, as expected from the
previous observations. The statistical analysis of the mass andPT spectra also identifies the observed
fluctuation in the multi–electron channel, no visible on theglobal rate ofee channel shown in figure 3.5.
No other significant deviation with respect to the Standard Model has been found in addition.

The general search at highPT gives a global view of the physics rates as a function of the final state
topology and require a good understanding of the Standard Model and of the detector. This type of
analysis is necessary for the searches program at present and future colliders, as it provides an extra
security belt against the unexpected phenomena that may occur in a new pattern, different from what is
predicted from the existing models.
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4 Conclusion

The detection of isolated leptons at large transverse momenta at colliders provides an unique tool for
the study of the processes involving the basic structure of the matter. The present colliders LEP (e+e�
collisions), HERA (ep collisions) and Tevatron (p�p) collisions are complementary and span a wide range
of hard scaterring processes.

Within the Standard Model framework, the lepton productionproceeds either through boson splitting
or via boson–boson scattering. The investigation of the final states with isolated leptons allows to test
the electroweak sector of the Standard Model . The production of weak bosons, single or by pair, at
LEP and the Tevatron is found in agreement with the precise calculations based on the Standard Model.
The boson production at HERA is a rather rare process and the production of theW boson has been
experimentally demonstrated. The observation of a few spectacular events with isolated leptons, missing
transverse momentum and a prominent hadronic jet is puzzling and needs more integrated luminosity to
be clarified. The measurement of the production of events with several charged leptons is particularly
interesting at HERA and the Tevatron due to the particular conditions of production: QED processes
coupled to the intimate structure of the protons entering the reaction. The study of the spectacular multi-
electron events with high masses observed in the HERA I data will continue at HERA II with large
statistics.

The search for new physics is particularly interesting in the leptonic channels due to usually low and
theoretically well understood rates of the Standard Model processes. The search for new phenomena
suppose that “something” may start to deviate from the Standard Model laws at lepton couplings, vector
boson couplings or top quark couplings. The examples given in this paper shed light on the complemen-
tarity between the three colliders for the search of the new physics beyond the Standard Model.

The forthcoming years will bring an increased data sample atHERA and the Tevatron, comparable
with the excellent LEP performances. The precision of the measurements will increase, new tests of
the Standard Model will be possible and hopefully a discovery in the BSM–land. Otherwise the Large
Hadron Collider will have to demonstrate that there is something beyond the celebrated Standard Model.
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