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1 Leptons from Collisions

1.1 Definition

The major goal of the high energy particle colliders is toestigate the structure of the matter at very
short distances. The signature of the processes that abeeskortest distances is the large transverse
momenta of the produced patrticles in the final state. In amdithe creation of new patrticles, of different
type form the colliding particles, provides an useful taml investigating the nature of the high energy
phenomena.

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

In particle collisions, the primary (or “hard”) processesi®e classified in several cases.

A “elastic” scattering of two elementary partaris— ab (for instance the Bhabha scatteringe ™ —
ete™ or the deep inelastic scattering — eq).

B “quasi-elastic hard scattering” where the two initial pag are also in the final state, but new
particles are createeh — abed. This is the case for instance in the four fermion productibn
LEP if the electron-positron pair is found in the final statée™ — ete™ f f.

C ‘“inelastic hard scattering” where the initial state pagare transformed into new particles like for
instancezd — «’b’ (for instance the Drell-Yan procegg — (+ (™), with possibly multiplication
of final state particles by the mechanism related to the pusvpoint:ab — a'b’cd (for instance

ete™ = utu~qq).

In this paper we are going to review processes that yield reticpes different from the colliding
partons (processes of tyBeandC). In addition we focus on the production of leptons in thelfgtate.
These processes are defined by the condition:

AN, = N/ — Ni >0,

whereN: (N}:) is the number of charged or neutral leptons in the initiak(fi state.

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

The high Pr lepton production reveals important information relatedhte matter structure at short
distances:

e gauge structure and coupling strengths of the Standard IMode
e composed particles structure: proton structure and stbidgdronic fluctuation of the photon;

e search for physics beyond the Standard Model.

In this paper we summarize the lepton production in highgneollisions at present colliders. In the
following, we will shortly present the production mechangsand the experimental setups at LEP, HERA
and Tevatron.

1.2 Basic lepton production mechanisms in the Standard Mode I

In the Standard Model leptons couple to the photon and to gakwosori? andZ which in turn couple
to initial state partons that can be of different nature ttienproduced leptons. It is important to note
that leptons can only be produced in pairs in the StandardeMibdmework. The leptonic number is
conserved anch N, can only be an even integer.

There are two production mechanisms that may produce a fleiptons.
boson conversion

A pair of leptons can be issued from a real or virtual bosori¥ *), Z() or by the decays of an on-
shell weak bosoiV or 7. The lepton pair production at sufficient high energies ésrthtural signature
for weak boson production and used in the experimental analpf the weak bosons properties. The
lepton—boson couplings to charged or neutral bosons aczided belowlilL].

The charged current coupling is given by:

[~ oruv,
wt ievu(l - 75);
H g 24/2 sin Oy
veorlt

lise, uorr. Due to thel — 5 factor, only left-handed leptons are created or annitdlatehis vertex.
There is no charged current interaction between leptonsffeirent flavours, which correspond to no
mixing in the leptonic sector, in contrast to the quark seetbere the Cabibbo-Kobayashi-Maskawa
matrix element is an extra factor in the coupling. This agsiion was based on the fact that neutrinos
were believed to have no mass. The recent experimentalreaéder 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

T —ieQ) i v,
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1.3 The colliders and the ingredients

The weak interaction by neutral current is described by:

f
z, ieyu (v — as7s)
f
where the coupling constants are :
Ig—QQfSiHQOW 13
vy = - , Of = -———F—————
2 sin By cos Oy 2 sin OBy cos By

with 8y the weak mixing angle) s fermion charge ands the third component of the weak isospin
(—1/2 for charged leptons angt1/2 for the neutrinos). In the Standard Model the neutral cusren
do not mix flavours, an assumption based on present expaaimamn-observation of processes with
flavour changing neutral currents (FCNC). The neutral curveeak interactions trough & involve a
superposition of left— and right—handed charged leptohss [Bads 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@seshbelow. The most common
mechanism in this case is the photon—photon collision. THwgn fusion with a weak boson is not
favoured within the Standard Model due to the large weak hosass.

J bl
V(Z)  ~—~ wi
7(Z) 7(Z)
f f2

1.3 The colliders and the ingredients

The present study covers the three highest energy collidePs(ete~) HERA (e*p) et Tevatron fp),

the characteristics of which are summarized in tEBE 1.1othl, LEP experiments accumulated approx-
imately 3.5 fo! for centre-of-mass energy ranging from 89 to 209 GeV. Inrtfiebt running period,
HERA and Tevatron experiments only collected 0.25'fborespectively. The second phase, recently
started both at DESY and Fermilab, should bring the avalabvhinosities irep andpp collision modes
close to the LEP value, for centre-of-mass energies of 3M0 (B&ERA) and 1.96 GeV (Tevatron).

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

3



1 Leptons from Collisions

HERA LEP TEVATRON
Beams et —p et —e~ p—p
Expt. H1 ZEUS ADLO CDF,DO
Llexpt. 120 pb'! 800 pl! 150 pl!
Future (goal) HERAII (1 fb!) run2 @ + 8 fb=1)

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

Collider Beams “Second” mode collisions Comment
LEP et —e” full use of the,/s
dominates at higl#r

ei -
T

HERA et —p elastic/diffraction
et —yq DIS
et — v Compton
Y4
)
qg—q photo—production (frona — ~ —hadrons)
T

TEVATRON p—p elastic/diffraction
Gg—q main collision mode
g—g for high Pr physics
g—g for high Pr physics

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

collide with the electron beam from the other side or wittagsociated photon beam and therefore LEP
can function ag — v orvy — ~ collider.

This “second” mode functionning for the considered coliidie summarized in tablEl.3.

Altough this picture of the hard scattering is schematical emcomplete, it helps understanding the
main features in the capabilities of the three collidergsd the Standard Model and to search for the new
physics. The partonic luminositie® [2] are shown in fidllZk Erom that picture one can see for instance
that HERA collides electrons with quarks at highest energylaminosity up to 300 GeV. LEP has the
priority one — + collisions up to its centre-of-mass energy but HERA takes av higher energies.

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

Luminosity This includes the partonic luminosity as discussed abovealso the total integrated collision
luminosity, which has to do rather with the existing tehmyldor accelerating and colliding a
given type of particles.



1.3 The colliders and the ingredients
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Figure 1.1: Diferential partonic luminositiegX/dM?) at LEP HERA and Tevatron as a function of
the centre-of-mass energy of the parton-parton collisionthis figure/s(ete™ ) pp =
180 GeV andy/s(pp) revatron = 1.8 TEV.

Crosssection of the hard scattering. The hard scattering cross sectioomgoluted with the partonic fluxes and
with the experimental acceptance in order to obtain therobdecross section. The higher the
cross section, the better the sensitivity of a given cotlidehe searched process.

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

The study of the processes that yield leptof$\;, > 0) is of course dependent on the experimental
luminosity. In addition, due to the partonic nature of thieraction at HERA and Tevatron, the effective
centre-of-mass energy is reduced and a part of the inpuggneitost with the proton remnants. The
phase space for particle (lepton) production at hitghs in this way reduced, in contrast to the LEP case,
where most of the time the full available energy is “consuhiedparticle production. The factor of ten
in collision energy at Tevatron with respect to LEP helpsdcowver from that handicap, while HERA
has only a modest advantage in centre-of-mass energy UgEgu€onversely, the small production rate
within the Standard Model for a given multi-lepton topolgggduct may be useful in the frame of some
searches for new physics, where the smaller backgrounedees the sensitivity.



1 Leptons from Collisions

The experimental backgrounds for lepton identificationsanall at LEP, while at HERA and Tevatron
the hadronic processes or the radiative processes witbps ot the final state have a larger cross section
and represent often a challenge for the lepton identifinatio

In the next chapter we summarize the main experimental aeslselated to the lepton production at
LEP, HERA and Tevatron. The possible models and experirheegaches of the new physics using high
energy lepton signatures are described in the last chapter.



2 Lepton Production in the Standard Model

2.1 Motivation

The measurement of energetic and isolated leptons in thesfatta provides a useful probe of the under-
lying processes occuring in high energy collisions. Thidus to the following facts:

e The leptons are not sensitive to the strong interaction® fiffal state interactions are therefore
small and well understood within the Standard Model.

e The leptons couple to gauge bosons. Final states contalmghgenergy isolated leptons may
signal large boson masses or virtualities. The highly airphotons resolve the matter to short
distances with interesting insight into partonic struetuhe leptonic decays of heavy electro-
weak boson are gold plated channels for further electroseator tests.

e In view of searches for non standard phenomena, events @ptbrs provide a clean signature.
The production cross sections are significantly lower thendguark(jet) production in the same
mass orFP’r range.

e The charge is experimentally accessible for the chargadiepin contrast with quarks. A high
energy neutrinos in the final state signals an underlyinggethcurrent interaction or a redl
boson produced in the final state. This implies that a finaestéth high energetic leptons pro-
vides a better signature for specific subprocesses of timel&td Model or for signals beyond the
Standard Model .

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

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

2.2 High Py lepton production at LEP

In electron—positron collisions the annihilation procésminates the production rate of high leptons.
Theete pair fuses into a massive bosori (or Z(*)) that subsequently materialises into a lepton pair
(AN1,=0) or a quark—antiquark pai’(V;, = —2). The fermion pair production at LEP is an important
tool for measuring the electroweak parametfs [3]. The oreasent of theZ boson mass and width,
the hadronic pole cross section d4fexchange, the ratios of hadron to lepton cross-sectionthéor
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2 Lepton Production in the Standard Model
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Figure 2.1: Cross section ferre~ — ff as a function of center of mass energy measured by LEP
experiments around the pole (left) and at higher LEP2 energies (right).

three types of leptons and for theand thec quarks together with the corresponding forward-backward
asymmetries are used to extract the Standard Model panameith high precisionf4]. The cross
section of fermion pair production as a function of the cenfenass energy is shown in figuUiER.1 for
the centre-of-mass energy around thenass (left) and in the higher centre-of-mass energy regiime o
LEP2 (right).

Within the Standard Model, extra lepton productiah;, = 2) is part of a higher order process
(O(a*)) leading to four fermions in the final state. As an example,gtoduction mechanisms for four
charged fermions are shown in figllB12.2 (left). The finalestaith electrons is described by more
diagrams, including the.channel scattering that is possible only in the~ — ete™ f f processes. At
LEP2 energies, the four lepton production can also prodeedigth single or double resonant processes
with one or two weak boson$l( or ) in the final state. The cross section of weak boson produetio
LEP2 energies is illustrated in figulER.2 (right).

In an electron—positron collider, the partons that enterhtard scattering leading to more than two
leptons in the final state can be:

e cte™ : up to 4 leptons at high; in the final state. The extra pair of leptons is produced durin
the harde™ e~ scattering to four particles. The full — 4 matrix elements calculation is used
for the theoretical calculation of this process. Resona&ctor boson production is possible if
enough centre-of-mass energy is available. The final ssatgher fully detected or, in the case



2.2 HighPr lepton production at LEP
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Figure 2.2: Four fermions production mechanismetia~ collisions for the neutral current production
(left) and Standard Model fermion pair and boson pair préidacross section as a function
of \/s at LEP2 energies (right).

of neutrinos in the final state, the energy—momentum coaservmay be used to constrain the
kinematics.

e ¢v . one of the incident electrons escapes down the beampipe @fducing the interacting
photon. Besides the classical QED Compton scattering> e+, multilepton final states can be
produced through the so-called electroweak Compton méximan, — ev* or ey — e/, with
subsequent boson conversion into a lepton pair. In this tase leptons of the final state are
usually in the detector acceptance. The calculation relies convolution of photon flux with the
electroweak Compton scattering matrix elements. The psistagged either by the presence of
an electron close to the beam pipe or by the missing energyediwith the beam direction, due to
the escaping electron. The charged current EW Compton gsege— v is also possible. The
electroweak Compton scattering provides the main mechmafssingle vector boson production
at LEP.

e v+ : two leptons in the final state. At high transverse momenthis,contribution is modest with
respect to the—channel di-lepton production. However, it can well be meed by using “tagged”
events, where at least one of the scattered electrons isuneglaism a low angle detector near the
beam pipe.

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

From the experimental point of view, the excellent hermigtiand tracking performance allow to
detect charged leptons with transverse momenta as low ad/la@eto signal the presence of an un-
detected particle by the missing transverse energy dowriga &eV. Depending on the analysed final
state, the energy—momentum conservation is used to imgmewesolution or to separate the signal from
the background.



2 Lepton Production in the Standard Model

In the following, main topologies with charged or neutrgttens in the final state are described. After
a shortinsightinto a LEP1 study of events with four fermiome will concentrate on LEP2 data obtained
at highest™ e~ collision energies.

2.2.1 Four fermion production at LEP1

Four fermion production at LEP | is based on final state togel® with two leptons plus two other
fermions(* ¢~ f f. The ALEPH collaboration studied events in which, besidestharged leptons used
as a tag, two other fermions are identififd [5]. Using tragkifformation, low multiplicity events, also
called(*™(~V, are selected. Part of this sample is identified as fousleptents. The rest is attributed
to the production of two hadrons™z~ or K™ K~ in addition to the lepton pair. The hadron pair may
originate from the decay of the resonance formed by the qaatiquark pair produced in the final state.

-
(@)
N

(b) [0 ALEPH Run 15238 Event 4802
] Monte Carlo

+  ALEPH Doto

Events per 1 GeV/c?

-
o

Al o

0 5 10 25

e*e”, 'y invariant mass (GeV/c?)

Figure 2.3: Minimal di-fermion invariant mass distributifor events with four fermions at LEP (left)
and a candidate far* e~ — vvete™ process (right).

This study revealed a good agreement between the data aStatiheard Model prediction. The min-
imimum di-fermion invariant mass is shown in figUE&12.3 (lefThe selected events are concentrated
at low values consistent with a production mechanism basgdlynon~* internal conversion. Besides
events with four charged fermions, evidence for the prddanaf charged leptons in events with neu-
trinos has also been found — an event with two charged le@tessciated with large missing energy is
shown in figurdEZE3 (right).

2.2.2 Events with charged leptons at LEP2

The search for the processe~ — 4(* relies on the well understood lepton identification. As an
example, we consider the flavour independent analysis ipeeid by the DELPHI collaboratiorfl[6].
The analysis is part of a study of four fermion productiorotigh neutral current interactions-gt =
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2.2 HighPr lepton production at LEP

183 + 208 GeV. The distributions of the minimal and maximal invariamdss of the lepton pairs in the
event are shown in figulE22.4(left). Thepeak is observed in the maximal mass distribution.

The four charged leptons final state is a rather rare pro¢ddsR For instance, in the flavour-blind
analysis (including therefore electrons, muons or tausragntloe four leptons in the final state) only 16
events were selected in the data compared with a predictibf.6 from the Standard Model in the data
sample corresponding to an integrated luminosity of 221! phith /s = 204 + 209 GeV.

The total cross section of four lepton production was mesabat highest LEP2 centre-of-mass ener-
gies in the range from 183 to 208 GeV. The result in the higaestgy bin isryos_20s = 0.557015 +
0.04 pb for the flavour blind measurement of leptons withs 6| < 0.98.

The contributions of different poles can be studied if theiiference effects are neglected. However,
the pure leptonic channel is not well suited for separafiig 7+~ and~*~* contributions due to the low
statistics. The production of a pair of quarks together withair of leptons is included in the analysis
by usinge®Te™qq, uT 1~ qq andvigq final states. The purely hadronic final statgyg (four jets) is
hampered by the background from QCD processé& b’ pair production and cannot be used for NC
four fermion production studies.
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Figure 2.4: Maximum and minimum di-lepton invariant masstritbution for four lepton events detected
with a flavour independent method by DELPHI(left). Invatiarass of same flavour fermion
pairs ine*e™ qq (center) andit i~ ¢q (right) channels(from OPAL analysis).

FigureEZ¥ shows the di-fermion invariant mass distrimgiobtained in a similar study done by the
OPAL collaborationlil¥]. A significat peak & mass due to resonant productiégn— f f is visible for
both channels and both fermion pairs. The low mass peak dineimal conversion™ — ff is only
visible in M,,,, and M., while it is supressed by the analysis cuts for the otheritligions. No other
significant peak, possibly due to a new boson, is found.

The cross sections corresponding to the semileptonic @tswvyg and;:pgq for various production
mechanisms are extracted by using a fit of the invariant npsgis. The contribution from non-resonant
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2 Lepton Production in the Standard Model

processo.+«, from semi-resonant process..» and from double resonant; are measured. The
channel contribution is measured in & channel. The results arf& [6]:

a7, = 0.129 4 0.020 pb,

ozz = 0.029 £ 0.006 pb,

0.y = 0.017 4 0.008 pb and

Ot_channel = 0.245 4+ 0.045 pb (for electrons).
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Figure 2.5: The cross sections of weak boson(s) productibER as a function of/s.

The production o7 bosons pairs is possible at LEP in the highest centre-osmasrgy range. The

cross section of boson pair production has been measured by LEP collabosatiod is presented in

figurelZP (up left). The raise around the kinematical thoésty's ~ 2M 7 is observed. At highest energy
the 7 pair production cross section is around 1 pb.
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2.2 HighPr lepton production at LEP

Three leptons at high Py in the final state

Events with three visible leptons are produced if one of thanb electrons is scattered at low angles
and escapes down the beam pipe. In this configuration, theality of the photon emitted by this low
angle electron is close to zero and therefore the photonasigeal. The corresponding interaction
mechanism is the EW Compton scatterieng — ¢v*/Z. This mechanism is responsible for single
Z boson production at LEP. The final state consists of a lowggnelectron recoiling against a pair of
leptons or jets. The missing momentum in the event shoulttpéing the beam direction, corresponding
to the lost electron.

The contribution fromy* and ./ can be separated by using the invariant mass spectrum obtomnb
candidate decay*/Z — ff [BH]. Low invariant masses of the boson candidate, tyfyida¢low
60 GeV, are dominated by the non-resonant contribution fyéarger masses are due mainly to the
single 7 production. The combined measurements of the sifigheoduction as a function of the LEP
center of mass energy is presented in fidlk 2.5(up right. cfbss section is defined for the hadronic
decay channel of th& boson and slowly increase as a function of centre-of-massygn At highest
LEP energyr zcc—qqec = 0.6 pb.

Charged lepton pairs produced in  ~+ collisions

At ete~ colliders, leptons pairs can also be produced-incollisions. This process allows for both
Standard Model tests and searches for new phenomena cdoptleel two photon collisiondL AL 1].
The fermion pair production mechanism can be understoad fitee diagram d) in figurE.2. The
incident electrons are scattered at low angles and are rhthst tme lost down the beampipe. However,
in order to separate this process from thehannel annihilation, the “tagged” events are analyzed fo
which one of the scattered electrons is detected in the staztbrs situated close to the beam pipe or at
low angle in the main calorimeter.

The production of muon pairs iy collisions allows to study QED up to the fourth ordercaf This
process has been studied by DELPEI[12] using LEP1 data. €leeted sample contains single tag
events only, in order to insure that one of the incoming phsts real, i.e. its virtuality)? ~ 0. The
virtuality of the other photon s calculated from the tagotden and is in the rang@? = 2.5+750 GeV2.
The muons with transverse momenta up to 20 GeV are obsertbisisample. This analysis allows the
measurement of the leptonic photon structure funcfign The angle between the di-muon plane and
the plane formed by the four vector of the tag electron andbézen direction is sensitive to the helicity
structure of the photon—photon interaction. The ratiosefttelicity related structure functiog* and
FB 1o F;,z are measured from this azimuthal correlations and founadodggreement with the QED
prediction.

Using the same technique to tag the photon—photon colllsyaghe low angle electrons, they — ¢q
process can be studied by events with hadrons in the final. Stae hadron production iy collisions
is a laboratory for QCD studies and the kinematical varislitem the data are compared with the
prediction from models or NLO-QCD calculatidiJ E3[£2, 15he modelling of the hadronic final state is
of interest also for the production by this mechanism of igss states decaying to hadrons. However,
the effective centre-of-mass energy is lower than from thectle™ e~ collisions and no anomaly has
been reported for this type of events. The photon structustuidied in deep inelastie scatteringlidis].
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2 Lepton Production in the Standard Model

2.2.3 Events with charged leptons and missing energy at LEP2

The production of events with high energy leptons and mgssirergy at LEP proceeds mainly through W
bosons. The contribution of events in which the missinggvanse momentum originate froth — vv
is usually small and it will not be discussed hére

Events with one prominent lepton and missing transverse ene rgy

In the Standard Model framework, events with one chargetbitepnd missing transverse energy are
produced iret e~ collisions through the production of sindlEé bosons. In this case, one of the incident
electrons is scattered at low angles and escapes down theplpea( cosf.| > 0.95). The basic inter-
action is a charged current electroweak Compton scattesing v with a subsequent leptonic decay
of the W boson. In addition to this mechanism, the production oflgif bosons involves the triple
gauge couplingWWw (y + W — W). The peripheral contribution from — W fusion into a/*v pair
via at-channel neutrino exchange corresponds to the non-resoo@muum.

The singld¥ production iney collisions has been measured including the hadronic chafines 4.
The W identification is rather loose (cut on lepton enefgy 20 GeV in the leptonic channels or a cut
on di-jet mass> 45 GeV in the hadronic channel). The measured cross sectiofuaston of /s and
is shown in figurd25(down right). The measured cross sestmwly increase as a function of centre-
of-mass energy in agreement with the theoretical expectafit highest LEP energyyy., = 0.8 pb.

Events with one lepton and missing energy in events withaatlavo jets are produced froli pair
production processes when oileboson decays leptonically and the other hadronically.

Events with two leptons and missing transverse energy

This topology is mainly produced by tH& pair production process, with subsequest leptonic decay
of bothIW bosons. The rate of such events is sizeable at LEP. In thgsasglerformed by the OPAL
collaborationld7], 416 events are found at highest LEPgaser/s = 205 - 209 GeV) for423.3+2.5
predicted. In total 1317 events were detected in the highesigy range\('s = 183 + 209 GeV).

The cross section of the” pair production has been measured including also the haddecays
channels and the combined LEP result is presented in fIfEd@®&uvn left). The increase of the cross
section at the kinematical threshq}& ~ 2Myy is measured. Good agreement with the Standard Model
prediction is observed. At highest LEP energyy = 17 pb.

2.2.4 Events with leptons and photons

Due to the initial state radiation, lower energy beam etetdrare produced accompanied by photons
colinear with the beam direction. The hard scattering meskither the lower energy electrons (radiative
ete™ process) or the photon (Compton scattering). The radigiiveesses scan a large domain in the

1The leptons in events with a dec&y— v are of opposite sign and same flavour. This process can béruggdciple used
to measure the production, but the improvement of the measurement is tirg/td the modest branching ratios involved.
The signature in the electroweak scattering &f & vz decay would be an electron at low energy and nothing elseein th
detector.
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2.3 Lepton production ipp collisions at Tevatron

center of mass energy. The Compton scatteting> e+ yields events with an electron and a photon at
large polar angles and transverse momenta in the final sthike, the non-colliding electron is either lost
down the beam—pipe or detected close to it. A similar pafteobserved for the non-colliding photon
in radiativee™ e~ interactions. The effective center of mass eneyy is calculated from the detected
particles.

The analysis done by the L3 collaborati@ifii[18] uses a datgkaimcluding center of mass energies
from 89 to 180 GeV. After the deconvolution of the photon fltixe Bhabha scattering cross section
is measured for an effective cms enerdy’ = 40 — 180 GeV. The Compton scattering cross section
is measured fox/s’ = 15 + 170 GeV. Both Bhabha and Compton measurements are found in good
agreement with the expectations. Limits on excited elegbroduction and decay — e+ are obtained.

The final states of four leptons plus a photon has also beelestat LEP [BZI9]. The cross section
is dominated by the ISR and therefore the topology of the mieskeevents displays a photon detected
close to the beam pipe. The productioniéf events where the photon is produced during the main hard
scattering is below 1 fb at LEP and therefore undetectablgs final state is suited for the search of
anomalous quartic gauge couplings.

Events with one or more photons and missing energy can beupeddat LEP through two pro-
cesses: radiative returns to tileresonancee(" e~ — ~Z) with Z— v, and¢-channel W exchange
with photon(s) radiated from the beam electrons orithe The cross section has been measuf&d [20]
o(ete™ — vvy(y)) = 4.7+ 0.8+ 0.2 pb for\/s = 172 GeV and found consistent with the Standard
Model predictions oft.85 + 0.04 pb.

2.3 Lepton productionin  pp collisions at Tevatron

The production of leptons is a precious tool for Standard &aests and new physics searchegn
collisions. The hadronic environment implies difficult Bgoound conditions for the exclusive final
states relying on multi—jet topologies. The enormous QGIpjeduction is still the main background
for the leptonic channels due to the jet misidentificatido leptons. This experimental effect is however
under control and can be studied with data. Careful enerifyration 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 proceedslynthrough the Drell-Yan mecha-
nism [Z1]. The neutral current annihilatign — (T (= proceeds mainly through the or the Z boson
in the s—channel and gives rise to a pair of opposite charge lepioitifinal staté

The Z production cross sectiongf = 1.96 TeV has been measured using the most recent data from
Tevatronrun 2 o(pp — Z + X — eTe™ + X) = 267 & 23 pb. This measurement is in agreement with
the Standard Model prediction $2.1+£8.8 pb that takes into account the NNLO—QCD correctidifis [23].

The events with high mass ¢~ pairs are potential candidates for the physics beyond thedard
Model . The search for such events has been performed on ratalfl@l] and repeated on the recent

2The production of a pair of leptons by quark-antiquark afaiion, the Drell-Yan mechanism, can be used to extracrinf
mation about the proton structure, in particular about #eecuark distributiorlffi2)
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Figure 2.6: The spectra of di-lepton invariant mass obthinerunl by the DO experiment for elec-
trons(left) and muons(right).

run 2 data. The invariant mass spectra for the di-electrdrd@&muon channels are shown in figlif2.6.
Events with di-lepton invariant masses up to 500 GeV haven lmeeasured. The forward backward
charge asymmetry can be measured and used to extract infonradout possible non-standard contri-

bution [Z5].

2.3.2 Events with charged leptons and missing energy

The search for events with at a lepton and missing transweoseentum has been performed on the run 1
data [Z5] and recently updated with the new run 2 data. The Si@ndard Model process that contribute
to this final state is the production of W boson through a Balh annihilationgg’ — W — (v. The
main quark flavour pairs that produce W’s aré¢ — W+ anddu — W~. By measuring the lepton
charge asymmetries in tH& production useful information is provided for the valenegark flavour
composition of the protori®7] .

Events with isolated leptons (electrons or muons) at higfsiverse momentuf¥- > 25 GeV and sig-
nificant transverse enerdgyy*** > 25 GeV are selected. The transverse mass is shown in ifliref2) 7(l
for an analysis done by the CDF collaboration on run 2 dath [28

The weak boson production is a powerful test of both the eleaak sector of the Standard Model
and the proton stucture. The cross sections of the weak husaluction inpp collisions is shown in
figure EZX (right) as a function qf’s. The main systematical error is due to the luminosity mezrsent.
The ratio of /W to Z production cross sections is insensitive to this error ardle used to extract the
W boson width.

The production of two charged leptons in events with missiagsverse energy has also been studied
at the Tevatron. The signal within the Standard Model isith@air production. This channel has a po-
tential interest in triple gauge couplinggl{’ W) and Higgs production at the Tevatrofi (— W1V ™).

In arecent CDF analysis, five candidate events are foundsigan expectedd’ W signal 0f6.89 +1.53
events and a backgroundB4 4-0.38 events in a run 2 data sample with a luminosity of approxitgate
126 pb!. The cross section is measured:

oPPoWIW — 5 1754 (stat) £ 1.3 (syst) £ 0.3 (lumi) pb
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Figure 2.8: AW candidate irep + P** channel at CDF.

in agreement with the NLO-QCD calculatidfil29]:
g = 13.2540.25 pb .

A display of alWW W candidate event found in run 2 data with an electron, a mudmassing transverse
momentum in shown in figulEl.8.

The production of top quarks can also lead to events witholeptaind missing energy in the final
state, if one or both of the top quarks decay semileptonicalts bW — blv. The top candidate
events also have at least two jets in the final state. Thernepthannel profits from a small and well
understood background and can be used for the measurentéettop mass by a fit to the kinematical
distributions [2D] of the selected events. In the present2wlata sample (CDE, = 126 pb!) at
Vs = 1.96 TeV, a few top candidates have been identified in the seroiépthannel and the production
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cross section has been measured:

oPP7 = 7.3 4 3.4(stat.) £ 1.7(syst.)pb .

The top quark can also be single produced in associationavitlyuark through ars-channellv’/
boson splitting or via ant¥’-gluon fusion mechanisniiB1]. The single top is therefomdpced through
electroweak mechanisms and the production rate is semtitihel’;;, CKM matrix element. The search
for single top production is difficult due to the high backgnd from top pair productiolIB¥ZB3]. The
predicted cross section is around 2 pb and no signal has baaed &t present. The existing limits of the
single top production cross section obtained from the da&yaically around 20 pb.

2.4 Lepton production at HERA

In electron-proton collisions, events with high energétigtons in the final state are mainly produced
through the deep inelastic scattering process. In thedati®n process, the exchanged virtual boson
resolves the quark structure of the proton. In this caserbtep can be seen as a flux of quarks. The hard
eq interaction may proceed through neutral curremts— eq (NC) or charged currents; — v¢’ (CC).

In the case of a large virtuality(?) of the exchanged boson, the scattered lepton has a langyérse
momentum and leads to a prominent experimental signatarisoéated electron in the central detector
for NC and significat missing transverse momentum in the o&€%C, due to the undetected neutrino.

The CC interaction proceeds only through weak interact{piebannel exchange ofi& boson) and
is therefore in general much less intense than the NC prodeist has the important electromagnetic
component{* exchange) together with the weak contributiagngxchange). Only at very large virtuali-
ties(Q? ~ MVQV’Z the CC and NC interactions have comparable rates. This caadrein figurEE9 where
the cross sections for the NC and CC interactions are shoarfasction of()? [B4]. This figure beau-
tyfully show the electroweak scale unification. At high ~ My z, the parity violating couplings play
a role and the differences between the cross sections neebisurtp ande™p collisions are observed
also for NC.

The production of more than one lepta {7, > 0) in ep collisions is a higher order process with
respect to CC/NC processes and appears therefore at a muehriite. The production mechanisms
involve both boson—boson fusion and boson conversion. fidgdustion mechanisms within the Standard
Model framework together with the experimental observatiare 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 vear#actions:*¢ — e ¢'(v. The typical
Feynman diagrams together with schematic view of the patepresented in figulE2ZXL0. The dominant
contributionis due to the red” boson production and its subsequent leptonic decay, shofiguirdEZZID

(a and b). The boson—boson fusion, shown in figIA 2.10 (c prabdnt for about 5% and yields events
with flat distribution of the/v invariant mass. The CC-like reactiefig — v¢'(v involves an extrdV
boson propagator connected to the initial electron in tagm@ims and is therefore supressed.
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Figure 2.9: The)? dependences of the NC(circles) and CC(squares) crosssedti/d()? shown for
the combined 94-00"p (solid points) and 98—99~p (open points) data. The results are
compared with the corresponding Standard Model expecamtetermined from the H1 PDF
2000 fit.

The reall’’ production mainly proceeds through the coupling ofitidooson to the quark line, shown
in figureEZID(a). It is dominated by the photoproduction h@tism: the photon entering the reaction
from the electron side (figulE=2110(b)) is close to its massdt{Q? ~ 0) and fluctuates to ag pair.
The W boson is then produced ing@’ fusion between a quark originating from the photon hadronic
fluctuation and another (different flavour) quark from thetpn. Interestingly enough, the production
mechanism is of hadronic nature: the photon provides theonéflux in front of the incoming proton.
Due to thegq’ knock-on nature of the hard scattering, the transverse mtam the proton or photon
rests are typically small and therefore the transverse maumeof the hadronic final state is expected to
be close to zero.

In case of large photon virtuality, tH& production is a DIS-like scattering withl& -strahlung from
the quark line. In this case the scattered electron is \@siblthe detector together with the charged
lepton issued from th&” decay. This is the case for 25% of the simulated events in kdct®. In this
configuration, the hadronic systekhcan also acquire important transverse momentum.

The production of & — v pair in boson—boson/(— W or 7 — W) collision is sketched in the diagrams
c¢) and d) in figurd2Zd0. This non-resonant production cbuatés to less than 5% to the total cross
section. Thé¥ boson can also be produced by a triple boson couplifif v, by they — W fusion.
HERA sensitivity to an anomalous coupling will be discussetthe next chapter.
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Figure 2.10: The schematic view of the lepton-neutrino paidn inep collisions. The real’ boson
production as radiation from the quark line (a) is mainlydaroed in photon-production
process sketched in diagram (b). The non-resohamair can also be produced inta
channel fermion exchange between two bosen V. This corresponds to a boson-boson
fusion sketched in (d). A similar mechanism yields réfalbosons through triple boson
couplingsiW W+.

The first complete calculation d# production inep collisions has been done iEJ35]. An event
generator (EPVEC) has been used to interface the calculatibe full detector simulation. The EPVEC
generator includes the QCD parton shower simulation in tie fitatel35].

The SM prediction fo#V’ production viaep — eW* X is calculated by using a next to leading order
(NLO) Quantum Chromodynamics (QCD) calculati@fi[37] in fremework of the EPVECII15] event
generator. Each event generated by EPVEC according tofaslitl€O cross section is weighted by a
factor dependent on the transverse momentum and rapidthed?” [BH], such that the resulting cross
section corresponds to the NLO calculation.

The NLO corrections are found to be of the ordeB6% at low 1V transverse momentum (resolved
photon interactions) and typically0% at highW transverse momentum (direct photon interactions)
[B439[ZD]. The NLO calculation reduces the theory errari@ (from 30% at leading order).

The charged current process — vW* X is calculated with EPVECEIB5] and found to contribute
less tharv% of the predicted signal cross section.

The total predicted? production cross section amountsitd pb for an electron—proton centre of
mass energy of/s = 300 GeV and1.3 pb for/s = 318 GeV.

Another possible contribution to the signal in the electobiannel only is the production of the Z
boson with the subsequent decay to neutrings:— ¢/ X — evv X. In this case the isolated lepton
is the “scattered” electron. This process is also calcdlateEPVEC. The main contribution at large
transverse momenta is not from the photoproduction mesharfor which the scattered electron tend

20
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to be rather backward but the Cabibbo-Parisi process, induced by a fluctuatica piioton from the
proton into are™ e~ pair, with the annihilation of one of those electron with beam positron to produce
the Z bosort. The contribution of this process to the cross section isruB%.

First observations

The observation of events with isolated leptons and missargsverse momentum has been made first
at HERA back in 1994. In a sample of CC events with a transva®@entum in the calorimete?rs*/°
above 25 GeV, a spectacular event with an isolated muon ifirthlestate has been observEal[41]. The
event was detected in a data sample corresponding to amatedduminosity of 4 pb'. The sum of the
expected contributions from the Standard Model processssastimated to be 0.03 events.
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Figure 2.11: Early observations of events with isolateddep and missing transverse momentum by
H1. Left: correlation between the distandes; and Dy, to the closest hadronic jet and
track, for all high+’r tracks in the inclusive event sample. Right: distributibthe selected
events inP and MY (see text): a) electron channel; b) muon channel.

The analysis of a data sample collected in the period 19%9%-i9¢ " p collisions corresponding to
an integrated luminosity of 37 pth was performed for the phase space with large imbalance in the
calorimetric transverse momentuRj*’® > 25 GeV [&1]. The isolation of the charged tracks with large
transverse moment&y’** > 10 GeV was calculated in each event with respect to the closssk t
(D+rqcr) @and with respect to the closest hadronic jt ). FigureEZIlL shows the correlation between
Dyqcr, and D¢ for the high+r tracks in the inclusive event sample. In most cases the HRigtracks
are not isolated. This is expected, since the bulk of evert<& interactions with the higky track
located within or close to the hadronic shower. Howeverhsph-Pr tracks are found in a region well
separated from all other charged tracks and from hadron Jétey belong to six events each with one
single isolated high?; charged particle. All six isolated highy particles fulfill the lepton identification
criteria. One is an electron candidate and five are muon dates.

3The origin of the coordinate system at HERA experimentseésrtbminalep interaction point. The direction of the proton
beam defines the positive-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-lepton which is expected from SM processes is
2.4 + 0.5 in the e* channel and).8 & 0.2 in the u* channel. The main contribution is due t&
production, estimated in leading order tobh& 4+ 0.5 and0.5 £ 0.1 events respectively.

The kinematics of the observed events is compared to thel&tdmModel prediction in figurE=ZaL1.
Shown is the distribution of the events in the hadronic vanse momentun® and the transverse
mass® plane. The electron event and one of the muon events are foungegion of phase space likely
to be populated byV production. Another muon event can, within its large measuent errors, also
be accommodated inl&’ interpretation. The kinematic properties of the remairtinge muon events,
together with the overall rate excess in the muon channsfawbur an interpretation of these events
within the SM processes considered.

Events with ¢+ P** in HERA | data

The search for events with isolated leptons and missingwease momentum has been performed on the
full HERA | dataset. The H1 analysiEii3] has been extendddvegr transverse momentuig” >

12 GeV in order to increase the acceptance for thelféddoson production. The leptons with transverse
momenta above 10 GeV are identified in the polar angle doifain # < 140° using also the detection
capabilities in the forward region. The background refatis inforced i2#] in order to cope with the
huge cross sections of the photoproduction, NC and CC pseses

The ZEUS analysis of the full HERA | datfl45] specifically sdees for events with isolated leptons
and missing transverse momentum having also a hadroniersyat large transverse momentum. The
analysis is done in the framework of the seach for anomalopiptoduction. Events with significant
calorimetric imbalance are selected with!° > 20GeV . In each such event, the leptons are identified
as isolated tracks with transverse momenta above 5 GeV ipalae angle rangé7° < 6 < 115°. The
tracks are required to be associated with specific calorioygatterns for electrons or muons.

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

The results of the search for isolated leptons with missiagsverse momentum at HERA is summa-
rized in tabldEZEL and figulEEZ12. The data is compared wétstlandard Model expectation for the full
HERA | period. The phase space region at large hadronicueass momentum is also shown. The H1
analysis has better ndi- background rejection at low and high transverse momentum.

With a more powerfull background rejection and an extendesp space at lower transverse momen-
tum [22], the H1 analysis provide clear evidence for thelgifig boson production at HERA. The cross
section measured at low and high hadronic transverse momeatshown in tablEEZ4.1. It is compared
to the LO and NLO predictions and found in good agreementvat/tg and slightly in excess (about
20) at highPyX .

5The transverse mass is calculated from the massless foursebtained by projecting the missing and the lepton maanen
on the plane transverse to the beams directidis = \/(P;’”'SS + PL)? — (Piss 4 PL)?
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Figure 2.12: The kinematical distribution of events witbl&éed leptons and missingr for H1 and
ZEUS analysis. (the shaded &nd: plots) and the dashed) histograms in ZEUS plots
represent the distributions of the single-top MC normalisean integral of one event).
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Figure 2.13: Display of an event with an isolated muon, migéransverse momentum and a promi-
nent hadronic system. The acoplanarity between the leptdrtree hadronic system is the
signature of an undetected particle.

Both experiments observe events with isolated leptons assimg transverse energy. Good agreement
is found with the expectation from the Standard Model in thage space at low hadronic transverse
momentumP < 25 GeV. An excess is observed by the H1 analysis at large trssveomentum
PX > 25 GeV. One such event is from the H1 analysis is shown in fi§lll.2The probability of
the Standard Model expectation to fluctuate above the obdarumber of events is 10% for the full
sample and 0.15% & > 25 GeV. The ZEUS analysis does not find such a prominent excetbe in
electron and muon channels, but observes tau events wiia /3t . In total at HERA 1, in the region
P¥X > 25 GeV, 20 events with isolated leptons are observed for a¢efzéctation of roughly.3 + 1.8.
The HERA Il data, with an increase of a factor of ten in the gné¢ed luminosity, will help in the
clarification of this observatich

2.4.2 Events with several charged leptons

The main SM processes involved in multi—electron producéibHERA are summarized in figule=d 14.

The dominant contribution is the interaction of two photoadiated from the incident electron and
proton, also called Bethe-Heitler (BH) contribution anadwh in diagranl2Z34a. The kinematical pole

5The quantification of the excess based on the statisfida) method applied to th&# spectrum can be found ilE}7].
Some possible scenarios of the excess and a discussionaafrtigatibility between H1 and ZEUS observations are studied

in 2349
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2.4 Lepton production at HERA

Electron Muon Tau
1994-200Q:%p obs./exp. obs./exp. obs./exp.
(W* contribution) (W* contribution) (W# contribution)

Fullsample | 11/11.54 =+ 1.50 (71%) | 8/2.94 + 0.50 (36%)

H1 phad > 25GeV | 5/1.76 £+ 0.30 (82%) | 6/1.68 4 0.30 (38%)

118.4pbt | phad > 40Gev | 3/0.66 4+ 0.13 (80%) | 3/0.64 +0.14 (92%)

Full sample 24120.6 71T (17%) 12/11.973% (16%) | 3/0.401013 (49%)

ZEUS | phad > 25Gev | 2/2.90 15939 (45%) 5/2.75%031 (50%) | 2/0.20%052 (49%)

130.2pb~" | phed > 40Gev | 0/0.94 318 (61%) 0/0.95%018 (61%) | 1/0.0715:92 (71%)

Table 2.1: Summary of the results of searches for eventsigdglated leptons, missing transverse mo-
mentum and largei*d at HERA. The number of observed events is compared to the SM
prediction. Thé¥* component is given in parentheses in percent. The statisticl system-

atic uncertainties added in quadrature are also indicated.

Cross Section / pb
Measured SM NLO SM LO SMLO
Dieneret al. Bauret al.
PX < 25GeV || 0.1464 0.081+ 0.022 | 0.194+4 0.029|| 0.1474 0.044| 0.197+ 0.059
PX > 25GeV || 0.1644 0.0544+ 0.023 | 0.043+ 0.007 || 0.0414 0.012| 0.049+ 0.015

Table 2.2: The measured cross section for events with aatesbhigh energy electron or muon with
missing transverse momentum (H1 collaboration). The csessions are calculated in the
kinematic region’° < 6; < 140°; PL > 10 GeV; Piiss > 12 GeV andD,.; > 1.0. Also
shown are the signal expectations from the Standard Modetevtme dominant contribution
ep — eW X is calculated at next to leading order (SM NL@I[EZ, 38] andeatling order

(SM LO) [E2] and 35].

corresponds to a two photons collision sketched in fifllf8t2. The hadronic final state (X) can be a
proton (elastic process), a proton resonance (quasitegbaistess) or a high mass system in case of high
virtuality of the photon from the proton side (inelastic pess).

The produced electron pair can also originate fromi & boson, radiated either from the electron line
(diagramEZMc ) or from the quark line (diagrElR.14e ). Pnaxess, also called internal conversion,
has two kinematical poles. First, the Cabibbo—Parisi (CBggss, sketched in figulE=314d), involves an
et e~ interaction where one of the electrons is issued from a phaidiated from the protdn Its con-
tribution is one order of magnitude lower than the photootph contribution, except at high transverse

Pairs of leptons for which the kinematics do not corresporttié~~ collisions have first been observedsihe™ collisions
at ADONE and interpreted as an underlyinge~ annihilation by Cabibbo and Parisi in a private communarato the
experimentalistHEH 1]
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Figure 2.14: Main processes involved in lepton pair proiducleft and middle) and their cross sec-
tions(right). Example of Feynman diagrams (left) for a)ofgn—photon interaction; c) and
e): v*/Z boson conversion. The kinematical poles for basie> 2 lepton pair produc-
tion processes are sketched (middle) for b): photon—phattisionsyy — ete™ ; d):
Cabibbo-Parisite~ — ete™ ; f): Drell-Yan ¢ — ete™.

momentum where it contributes more significantly due to tbkannel Z boson contribution. The second
pole of internal conversions is the Drell-Yan (DY) procdgsufelZIlf), involving a quark—antiquark in-
teraction where the anti-quark (close to its mass sheljsiseéd from a photon radiated from the incident
electror®. Its contribution is small compared to photon-photon anbiliizo-Parisi processe&l54].

The contribution of different processes can be seen in figl® (right) [55] where the differential
cross section multiplied by the cube of the electron trarsvenomentum is shown as a function of
electronPr. The increase of the CP and DY contributions in the regioPpf~ M /2 is due to
the contribution of the Z propagator iichannel for those processes. The multi—electron proofucti
at HERA has been first computed in the photon-photon modE8&hdbd implemented in the LPAIR
generatorfl37]. The full matrix element calculation, excfp the Drell-Yan pole, is done irfZib8] and
implemented in the GRAPE generator which is used for signallation. The background is composed
from NC events with a second fake electron from the hadronal 8tate and from Compton scattering
ep — ey X where the photon is wrongly identified as the second eledtrtime event.

Measurement of multi-electron events

Both H1 and ZEUS experiments at HERA have measured multdteproduction at high transverse

momentallBCaEH1].

8The contribution from Drell-Yan process has been proposedra interesting probe of proton or photon structure at
HERA [R253].
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2.4 Lepton production at HERA

Selection DATA SM GRAPE | NC-DIS + Compton
H1115pb~! 20° < 612 < 150°, P5t > 10 GeV, P5? > 5 GeV

“2e” 108 | 117.1+8.6 || 91.446.9 25.745.2
“3e” 17 | 20.3+£2.1 || 20.2+2.1 0.14+0.1

“2€” Mz > 100GeV | 3 | 0.3040.04 || 0.2140.03 0.09 £ 0.02

“3e” My, > 100GeV | 3 | 0.2340.04 || 0.234£0.03 | < 0.02(95%C.L)

ZEUS 130 pb~! 17° < 612 < 167°, P! > 10 GeV, E*? > 10 GeV
“2e” 191 | 213.94£3.9 || 18224+ 1.2 31.7+£3.7
“3e” 26 347+ 0.5 347+ 0.5 -
“2e” M,z > 100 GeV 2 0.77+£0.08 || 0.47£0.05 0.30 £ 0.07

“3e” M2 > 100 GeV 0 0.37+£0.04 || 0.37+0.04 -

Table 2.3: Observed and predicted multi-electron eveesriir massed{;, > 100 GeV as function
of the number of identified electrons. The prediction erforsH1 analysis include model
uncertainties and experimental systematical errors addqdadrature. For ZEUS analysis,
the predicted rates are shown with the statistical errotse@Monte Carlo only.

The electron identification is based on calorimetric infatimn inforced by tracking conditions for
efficient background rejection. Electrons are measuredlange acceptance rangé < 4. < 175°,
wheref, is the electron polar angle measured with respect to thenimapproton direction. The electron
energy measured from calorimetric information has to bev@bdGeV. This energy threshold is inforced
in H1 (ZEUS) analysis to 10 GeV for electrons candidates Witk 20° (f. < 164°). The electron
candidates have to be isolated from other calorimetric si¢poln the central region defined Bg° <
f. < 150° for the H1 analysis andi7® < 6. < 164° for the ZEUS analysis, an isolated charged track
measured in the central tracking system has to be assotiatld calorimetric deposit. The identified
electrons are indexed in decreasing transverse momeRur®y’ > P+,

The selection of multi-electron events is based on the remeént of two central electrons with high
energy or transverse momentum. Both the H1 and ZEUS analygese the first central electron to have
the transverse momentum above 10 GeV. The second centabelés required to haves? > 5 GeV
(F°% > 10 GeV) in H1 (ZEUS) analysis. Any other electron identified lisosacounted and the selected
events are classified by the number of identified electrotisdrevent.

The results of the H1 and ZEUS analyses are presented inf&hleThe H1 analysis, based on an
event sample corresponding to 115 pbmeasured 125 multi-electron events, while ZEUS, with an
integrated luminosity of 130 pld, detected 217 such events. The di-electron sample is d ool
the signal with a 15-20% contribution from the backgroundtHe tri-electron sample, the background
contribution is negligible. Both H1 and ZEUS observatiors ia good agreement with the predicted
rates. The main difference between the H1 and ZEUS accegdnc the signal is due to a different
angular range for the central electrons.
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Figure 2.15: Distribution of the invariant madg,, of the two highes®r electrons for the the ZEUS
analysis (left). All observed events with two electrons asrenare shown. Distribution
of the invariant masd/,5 of the two highest’r electrons for the H1 analysis (center and
right). Events are classified as di-electrons (center) araldctrons (right).

The distributions of the invariant mass of the two highBgtelectrons are shown in figuEE=15.
Data is in good overall agreement with the Standard Modeliptien. A few events with masséd;, >
100 GeV are observed in a region where the standard model piedisiow. H1 measured 3 di-electron
events for 0.30 expected. ZEUS observed 2 di-electron svent0.77 expected. In the tri-electron
sample, H1 observed 3 events withh; > 100 GeV for an expectation of 0.23 while ZEUS do not
observe events in that mass region for an expectation of G&7the high mass di-electron events, the
transverse momenta of the two electrons is also importaoi@50 GeV). The topology of the observed
tri-electron high-mass events is different: the transveromenta of the two highe#t electrons is
lower (around 30 GeV) and the high mass value is associatibdad@rger polar opening angle between
the two electrons (“forward-backward” topology). One thatron and one tri-electron at high mass are
shown in figurd2Zl6.

Alltogether, at high masd/,, > 100 GeV, H1 and ZEUS observe 8 multi-electron events for an
expectation ofl.67 4= 0.20. A possible interpretation of the observed multi-electesants in terms of
doubly charged higgs production at HERA is presented in &x¢ chapter.

Measurement of multi-muon events

Muons are identified using central tracker, calorimeter mmgn chambers signals. Search for multi-
muon events has been performed by E1 [60] and ZETIS [61].

The H1 collaboration measures the di-muon production foomsuvith Pr > 2 GeV in the angular
range20° < 0 < 160°. FigureEZd¥ (left) presents the visible cross section omegsby H1 [BD] as a
function of the invariant mass of the muon pair comparedédtandard Model prediction. Backgrounds
and also other sources of muon pair production like heavydmdecays are negligible. Very good
agreement with Standard Model prediction is observed upddighest masses and over a decrease of
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Figure 2.16: Event displays of two of the H1 multi-electr@ndidates: a di-electron (left) with large
electron transverse momentum and a tri-electron (rightveer Pr with forward-backward
topology of the highesPr electron pair that fornd /5.

four orders of magnitude. The integrated cross sectiondrvibible phase space has been measured to
46.5 £ 4.7 pb which is in good agreement with the prediction of 46.2 pb.

A search for multi-lepton eventg;:) at highPr has been performed by requiring at least two muons
in the region20° < ¢ < 150° with transverse momentd/" > 10 GeV andP}” > 5 GeV. Additional
muons must be detected in the central region of the detexior.< 6, < 160°, with a minimum
transverse momentum of75 GeV. Additional electrons are searched for in the polaranghger® <
6. < 175° and are required to have a minimum energy @eV. With this selection 56 di-muon events
are found, among which 16 events have an extra identifietreteg:.e events). In figur@&Z7 (center)
the di-muon mass distributions of events classifiedagvents or ag e events are compared with the
theoretical expectations. Both mass distributions argieement with the Standard Model calculations.
The distribution inM; 4, the invariant mass of the two leptons with the larggstis shown for thegu e
sample in figur@&Z7 (right). This mass combination is ¢etémn order to compare with the H1 multi-
electron analysis, where the scattered electron cannatdmgified uniquely. For approximately half of
these events, the two leptons with the highéstre the electron and a muon. For these events, the mass
distribution)M{; is also shown in figurE2ZL7 (right).

For masses\f;; > 100 GeV (> 80 GeV) oneup event is found, whilé.08 + 0.01 (0.29 4+ 0.03)
are expected. This inelastic event with two well identifiedoms has a mass éf,,, = 102 + 11 GeV.
No event classified agpe with M, > 100 GeV is observed. The prediction@s05 + 0.01. These
results at high di-lepton masses are in agreement with teddtd Model predictions. In view of the
present limited statistics, they cannot be used to draw fontlusions concerning the high mass excess
observed in the multi-electron analysis.

In the ZEUS analysis two muons Wiﬂalffl’2 > 5 GeV in the angular rang20° < 6 < 160° are
required. With an analyzed data sample corresponding tatagriated luminosity of 105 pt3, ZEUS
detects 200 events for an expectation of 218,;,;. No event with two muons at high masg,,, >
100 GeV is observed.

It should be noted that the detection of the muon as a “thegtdn is presently done for a polar angle
# > 20°, while the electrons are detected in a more forward region 5°. It is important to extend
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Figure 2.17: Muon pair production cross section as a functibthe invariant di-muon mass (left).
Distributions of the invariant mas¥,,,, for compared with the Standard Model predictions
(right). Distribution ofu e events as function of masd;, of the two highes#’; leptons,
and of the mas38/,; for those events where the leptons with the higliésire a muon and

the electron.

in future the search for muons at a lower polar angle becaigbenhass 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 tssipility that the “scattered” electron is a
part of the highest’r electron pair and that one of the “produced” electrons isdogvn the beam pipe.
This is expected to be the case for half of the di-electromisvat high masses\{ > 100 GeV), as
predicted by the GRAPE generatffi[58] . The full cross chddke production of multi-lepton events

with muons should include the: 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 ModBBN)) is a part of the unknown. The
theories not yet positively confirmed or falsified by the expental data (including the mechanism of
symmetry breaking of the Standard Model) have an equal piitp&o be true.

At colliders, highPr lepton productionis a signal easy to measure. The procpesgscing leptonsin
the final state span a large range of Standard Model testasasden illustrated in the previous chapter.
The events with high energy leptons also provide gold platexhnels for the observation of the new
physics beyond the Standard Model.

There are many patterns in which the theories extendingtdred&rd Model are classified. The most
extensive ones define problems of the Standard Model ansifglése models according to the solutions
to those problems. There are theories that would like to gev&tandard Model from family replication,
from fine tunning, from leptons and quarks non-symmetrymfieeutrinos being too light or from the
top quark being too heavy. It might well be that some asswnpir the theory as a whole is part of the
NSM (next Standard Model). Only new experimental data céwvesbe puzzle.

Here we adopt a sequential scheme to classify the models oftiv physics, according to the proxim-
ity of the new phenomena to the final state leptons. The idibaisif some signal above the background
show up in the data, the source of the deviation can be |@zhkt various levels during the evolution
from the initial state to the final state. This is illustratedigureEZl. The particle production is repre-
sented as a tree where the new (BSM) mechanism modifies ohe edttices during the hard interaction
process:

Figure 3.1: Lepton production in a fermion-boson-leptoascade. The anomaly beyond the Standard
Model may occur in lepton (1), boson (2) or fermion (3) pratiuecouplings (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 theoles are produced by a new scalar or
vector bosonf t+, W', 7).

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

3. A special case in the Standard Model is the top quark, thefermion that decays into red
bosons. The source of anomalies in the lepton productioratsaybe traced back to an anomalous
top production.

Examples related to these patterns for physics beyond #mel&td Model are discussed in this chapter.

3.2 Anomalous lepton production

Anomalous production of leptons at high transverse momeariebe predicted by theories that incorpo-
rate new symmetries and new bosons decaying to Standardl Matens. The most constrained BSM

theory is the Standard Model itself for the scalar sectot, y@d measured experimentally. However
couplings are predicted to be proportional to the mass éthel iimpact from the direct Higgs decay to

leptons is expected.

New scalar and vector bosons are proposed in models thatdettie Standard Model, like the Left-
Right Symmetric, supersymmetric, GUT models or combimetiof thosell&2]. 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 productidfi,(Z’) in pp collisions at the Tevatron is done using
the leptonic decay channel. The hadronic decay channelitti@ssknsitivity due to the large QCD
background.

The search for a neutral boson is based on the detection of two charged leptonsi@tesabr muons).
The main Standard Model contribution is due to the Drell-Yaacess, as mentioned in the previous
chapter. The searched signal is a peak in the di-leptoniamamass spectrum. No such peak has been
detected up to now and the data is in good agreement with fectation from the Standard Model up
to the highest observed masses, as mentioned in the preshapser (figurd&6). An asymmetry in the
angular distribution for high mass lepton pairs can also b&ya of a new boson and can be used for
instance to investigate the indirect effects of a compasie modelfd5]. Limits on the production.&f
are obtained by combining the electron and muon channelstréléooson masses are excluded at 95%
confidence level for masses below an upper limit in the ramgeden 545 and 730 GeV, depending on
the models.

A search for an extra charged gauge boBaris performed in events with leptons and missing energy.
In the analysis done by CDF on run | dafAal[26] assuming thegtheof the Standard Model coupling,
the W’ mass limit is set to bé/ (') > 755 GeV at the 95% confidence level.

The Tevatron sensitivity to extra gauge bosons decaying\deptons should finally reach about
1 TeVinrun 2, whilet + 5 TeV should be accessible at the LHCI[28].
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3.2 Anomalous lepton production

3.2.2 Doubly charged higgs H**

The Left-Right (LR) symmetric model&IB5E3641 65] providersinteresting features like the see-saw
mechanism that explains the smallness of the neutrino negsshter with the non-observation of right
handed currents. The LR Standard Model extensions of thelStd Model predict higgs boson triplets
containing doubly charged Higgd ™. Due to the charge, they can only couple to leptons. This is
an example of a BSM process that affects only the leptonimsd&d]. Since the Higgs triplet is not
related to the symmetry breaking mechanism, the couplimpisiecessarily proportional to the mass
and can therefore be large also in the case of electrons andsnlihe mechanisms &f ™+ production

at colliders are shown in the diagrams of figiitd 3.2.
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Figure 3.2: Mechanisms involving doubly charged higgs #td=rs (left) and world status of the limits
on the coupling to electron’s.. versus Higgs mass. The previsions for next running period
at HERA Il is also indicated.

Doubly charged higgs particles can be pair produced at thati@ through a Drell-Yan mechanism
ete™ — HTTH~~. The final state consists of four charged leptons and hées ftittckground. The
production cross section is independent of th&* couplings. At the Tevatron the search for resonances
in a sample of events with four electrons or two electronstaradmuons has started for Run Il dafal[28].

A sensitivity up toM;,++ ~ 180 GeV is forseen for the full run Il data taking. The pair protioc
mechanism has also been studied at LIEEP [66]. No deviatidnre#pect to the Standard Model has been
found and a lower limit on thé/ *+ 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, single H** can be produced in a hard () scattering. The final state consists of two or
three charged leptons which may make th&+ production an attractive interpretation of the high mass
multi-electron events observed at HERA and discussed iprindous chapter. But this is not the case
since among the six events with two or three electrons atmiats only one remains consistent with the
HTT interpretation[ial7].

The single 1 production is also possible at LEEL68] through a mechanism similar to HERA.
The final state consists of two or three leptons, searchethfan flavour independent analysis. The
main Standard Model backgrounds are the fermion pair piti@uand the production of events with
four leptons. The requirement that same-sign leptons fomhiggs candidate at high mass reduces the
background typically by a factor of 10-20 in the final stageha&f analysis. The final sample consists of
55 events, in rough agreement with the Standard Model eafiectof44 + 2. The events are uniformely
distributed in invariant mass from 80 GeV up to roughly 150/Ga contrast, in the H1 analysis, the
Standard Model expectation falls steeply with the invariaass. However, the larger luminosity of LEP
ensures a better sensitivity féf ™ searches.

At LEP, the doubly charged Higgs boson can modify the Bhaloh#texing cross section due to the
exchange in thé-channel. The Bhabha cross section has been measured antlifiotery good agree-
ment with the Standard Model prediction. Indirect limitstbe doubly charged higgs model parameters
(mass and couplings) can be obtained.

The status off T+ searches is shown in figuEEB.2. The exclusion limit at 95%idence level on the
couplings to electrona. . is shown as a function of the ™+ mass.

3.2.3 Bileptons

New bosons can also be studied in a more general frameworkepitdns [BD], bosons that couple to
leptons but not to quarks. A special case are the bileptanstiach the leptonic numbek = 2 which
explicitely prevents the boson coupling to quarks.

Simply charged bileptons®, coupling to a lepton-neutrino pair, can be produced byspairEP
or Tevatron and yield final state topologies with two leptand missing transverse momentum, similar
to the W —pairs in the case in which both W bosons decay in the leptimonetl. At HERA, single
L* can be produced iny collisions ¢ty — vLT) and yield final state topology similar to ti&
production process discussed in the previous chapter. @beohic system is expected to have low
transverse momentum and an important fraction of the ptomlucross section should belong to the
elastic process, for which the proton is left unbroken anthadrons are observed in the main detector.
This makes unlikely the interpretation of the outstanding Py** events as bilepton® production.
The single charged bileptons can also be simply produced&Rtih e~ collisions, with a similar final
state as the singl&” production in case of thid” leptonic decay. This production channel should provide
a sensitivity to bileptons with mass up to the availapleat LEP.

The doubly charged bileptons can also be produced by paitf&Rtand Tevatron and singly at LEP
and HERA. The production of doubly charged bileptons catdyfieal states with multi-leptons, partic-
ularly interesting in view of the observed multi—lepton etgeeat HERA. The case of the doubly charged

The search for charged Higgs pairs can also be interpreteainits of searches for bilepton pairs if the hadronic decays a
ignored. In the ALEPH analysifE¥ 0], a lepton-flavour blirehsch for tau decays a limit for the production cross section
around 0.8 pb', assuming 100% branching ratioto,.. However the rejection of thd’—pairs relies on the charged higgs
model. Supposing the effect of the signal modelling is sntiaib analysis can also be used to extract a limit on the tatep
pair production at LEP.
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higgs presented above gives an idea about the relativetiséies. However, it would be interesting to
perform a complete analysis of the “hadro-phobic” bosordpobion at LEP, HERA and Tevatron in the
framework defined irfd9].

3.3 Anomalous EW boson production

The lepton production through the Standard Model weak b®san 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 tbietige decay of higher mass excited

states of the known fermions. Excited fermions represergtaral scenario for the compositeness ex-
tensions of the Standard Model. The production and decayaitieel fermions are described in terms of

the phenomenological Lagrangian proposedh [71].

v, Z,W
Lipr =5 Y. Fro™(cv = dvy") FO,V, + hee. (3.1)
14

wherecy anddy are coupling constants at the fermibn« F* vertex labelled for each vector boson 'V,
andA is the compositeness scale. The precise measurement ofgrudand the absence of an electron
or muon electric dipole moments implies thgt = dy for compositeness scales less than 10-100 TeV.
This fact leads to an interaction Lagrangian where the éngplnstants of excited fermions to Standard
Model gauge bosons are described in terms of three constaméesponding to the three gauge groups:
f for SU(2)p, f' for SU(1)y and f, for SU(3)¢. For specific assumptions relatirfg /' and f; the
branching ratios can be predicted and the cross sectiomeaceibed by a single parameter (efgA).

The search for excited fermions is performed at all colkdey searching for fermion-boson reso-
nances. As an example, the mechanisms of excited electoglugtion are shown in figulEs.3 (left).
Although the branching to a photon is favoured in the majarftparameter configurations, the coupling
to the photon can vanish in some cases. For instance*the coupling tends to zero fof = f’. In
this case the decay* — v+ is forbidden and the search for must rely on final states with weak
bosons[EZ2]. Similarly, the decay — e~ is forbidden forf = — f’ and the excited electron decays
only in ¢Z channel [£Z83].

No signal for radiative decays of a high mass fermion has lie@md. The limits on coupling nor-
malized on the compositeness scaf¢ X) are calculated. The present status for the excited electro
e* is shown in figurdE3I3. LEP excludes, with high sensitivitythie coupling, excited electrons with
masses up tQ/s. Beyond that, HERA experiments, for which tiieproduction proceeds with photons
from the proton, provide sensitivity for masses up to 250 Gev/for couplings ten times larger than at
LEP. The production at Tevatron has less sesitivity for laumings but it may directly probe excited
fermion masses well beyond HERA or LEP. For the next runnargpol, HERA will have the priviledged
discovery window at low couplings and for masses in the rdreg@een 200 and 300 GeV.
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Figure 3.3: Mechanisms of excited electron production did=rs (left) and the 95% confidence limits
of the coupling normalized to the compositeness scale asdifun of the excited electron
mass (right, figure fronfI28]). Previsions for next runniregipds at HERA and Tevatron are
also indicated.

3.3.2 Gauge bosons anomalously coupled

The Standard Model of particle physics is a non-Abelian themd therefore predicts that the gauge
bosons interact with each other, allowing coupling vegisach adV W7 and WIW+~. The trilinear
couplings can be measured experimentally. For instaned]atiening of theTe~ — WTIW~ cross
section withy/s (figureEZ®) is the experimental proof of the existence oftthBnear coupling EZHEA5]
that damps the linear increase of the cross section predigtéhe W pair production mechanism pro-
vided by a neutrino exchange in thehannel. The value of the couplings may be modified by radiat
corrections involving particles predicted by extensiamghie Standard Model such as Supersymmetry.
Models based on substructure of the gauge bosons wouldesidad non Standard Model or "anoma-
lous” couplings. Making experimental measurements of thepings is therefore an important test of
the Standard Model and its extensions.

The most general Lorentz invariant Lagrangian which dessrthe triple gauge boson interaction has
fourteen independent complex couplings, seven descrithi@V\Wy vertex and seven describing the
WWZ vertex [ZB]. Assuming electromagnetic gauge invareaas well as C and P conservation, the
number of independent TGCs reduces to five. A common setfis<z, £, Az, A, } whereg? = ry =
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3.4 Anomalous top production

k- = landlz = A, = 0 inthe Standard Model . The parameters proposed used by fekgeriments
areg?, A, andx., with the gauge constraints:

Ky = gt — (ky —1)tan® Oy, (3.2)
Az = Ay, (3.3)

wherefyy is the weak mixing angle. The couplings are considered &swih 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 multipgfgansion describing the Winteraction
as a function of\, and«.,. For the magnetic dipole momenpt; and the electric quadrupole moment
gw one obtaing(1 + x, + A,)/2mw and—e(k, — \,)/m3iy, respectively.

Parameter (95% C.L.) Standard Mode LEP Tevatron (DO - run I)| HERA (40 pb )
Koy 1.0 [0.835, 1.052] [0.02, 2.01] [—3.7, 2.5]
Ay 0.0 [—0.067, 0.028] [—0.33, 0.31] [-3.2, 3.2]

Table 3.1: The 95% C.L. intervals obtained combining theltsrom the four LEP experiments and
from the DO and ZEUS analyses. In each case the parametst issvaried while the other
two are fixed to their Standard Model values.

The measurement of triple gauge couplings has been perfoaneEP. For instance, in the analy-
sis [Z 78] done by ALEPH collaboration, th81/~ vertex is investigated in events with single pho-
tons, singld?” bosons o pairs. No deviations from the Standard Model are found. Tipéetgauge
couplings are tested at Tevatron in the di-boson productmnnstance in the DO analysis of the run
1 data [ZZB]. The best sensitivity is obtained in fiey channel where limits on the deviations of the
couplings from their Standard Model values are obtaineddBBRA, the single production of W bosons
can in principle also be used to set limits on the anomaldpketgauge couplings. HERA sensitivity to
an anomalous coupling has been investigated by the ZEU&baohtion [2D].

The 95% confidence intervals from the three colliders aregued in tablEE3 1. Deviations from the
Standard Model withh # 0 or Ak = x — 1 may lead to a production df+ P7** events with atypical
kinematical properties at HERAZIB1]. However, HERA sendiiis significantly smaller than that of
LEP or the Tevatron to this type of anomalus couplings andetbee the interpretation of the events
with isolated leptons and missing transverse energy as \Wugtmn 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, gga@omena related to the top quark may
have the best sensitivity to new physics phenomena. Theuagkds only produced at Tevatron, mostly
in pairs. LEP and HERA colliders provide sufficient centfesass energy for a single top productionin
ee andep collision, respectively. However, the top production eresction within the Standard Model
is very low of about 1 fb at HERAIAEB3] and)—* fb at LEP [E3].
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3 Isolated Leptons as Signals Beyond the Standard Model

Single top search Electron Muon Hadrons
1994-200Q:%p obs./exp. obs./exp. obs./exp.
(top efficiency) (top efficiency) (top efficiency)
Hlisapb™ | 3/0.65 +0.10 (36%) | 2/0.66 +0.12 (38%) | 18/20.2 + 3.6(30%)
ZEUS 130.2pb~' | 0/0.94 7010 (35%) | 0/0.95 7015 (35%) | 14/17.67175 (25%)

Table 3.2: Summary of the results of searches for anomalmugtoduction in electron, muon and
hadronic channels at HERA. The number of observed eventsnipared to the SM predic-
tion. The efficiency to detect top quark decays in the spebifi@nnels is given in parentheses
in percent.

The top quark could be produced at HERA and LEP if flavour civapgeutral currents were allowed
in the top sectorfi@5]. The production mechanisms would s=t@n the non-vanishing couplings of
the top quarks to the light quarks of same charge (up and Qheamchto the neutral bosons,(#). In
this case, the production of single top quarks at LEP and HBRAId proceed through the mechanisms
sketched in the diagrams of figUBI3.4. In addition, anonsdop quark decays to neutral bosons should
be observed in the top sample produced at the Tevatron. Teess is usually describedsing the
anomalous couplings,,; (magnetic coupling to the photon) ang,; (vector coupling to the Z) with
qg=u,c.

The search for anomalous decays—{ ¢y andt — ¢7) of the top quark has been performed at
Tevatron[[BF]. Top pairs are searched for in events for ircvloine top quark decays via the dominating
Standard Model mode — bW (the branching ratio i$00% in the Standard Model ) and the second
via FCNC decays. Two candidate events are found in this searme event in the mode — ¢~ for
which 1.2 events are expected, the second event in the medeyy for which the background is not
calculated. Conservative limits are derived by assumiag tiine observed events belong to the signal.
The 95% confidence level limits on the branching fractiors ar

BT < 3.9% B4 < 33%

The branching fractions for FCNC decays are proportiondiésquare of the anomalous couplirid$ [88].
Therefore upper limits on the anomalous FCNC couplings enabculated. The limits related to the
photon and” are independent. The flavour of the final state is not taggddtanlimits apply to both
tuy or tey couplings.

At LEP, the FCNC couplings may lead to associated top-chartomup production in ate~ anni-
hilation via ay*/Z. The FCNC single top production depends on the couplingsiode quarks, that is
four types of couplingstu~y, tey, tu” andteZ. The main dependence is proportional with the square of
the couplings, with some small intererence effect. The &vare searched with a top candidate recoiling
against a hadronic jeEIBEIII91]. Limits on the single topdoiction 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 experimengalegure of the leptonic decays channel
t — bW — blv corresponds to events with isolated leptons, missing vexse energy and a prominent

2For a complete langrangian with FCNC in the top sector seexampleSHE6]
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3.4 Anomalous top production

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

jet. This is particularly interesting in view of the excedsewents of this type observed by H1 and
discussed in the previous chapter. For the hadronic chatirelsignature is three or more jets with
high transverse momenta. The search for anomalous top giodat HERA is summarized in taHlEB.2
(H1 [Bd] and ZEUSIZ5]). In the H1 analysis, a part of the egenmith isolated leptons, missing energy
and a prominent hadronic jet are also found as top candidsties electron and muon channels: 5 events
for an expectation of.3 + 0.2. In the hadronic channel the sensitivity is much reducedtdulee high
background originating from QCD multi-jet production.

The limits at 95% confidence level on the anomalous couplingsandvz,; obtained at LEP, Teva-
tron and HERA are shown in figuEEB.4. The sensitivity to the@dplings has been studied by the ZEUS
collaboration and found to have a non-negligible impacaagé values of z,;, a region however already
excluded by LEP and Tevatron.

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

for single top production of = 0.297015 pb at\/s = 319 GeV is obtained. This corresponds to a
magnetic coupling;,, of 0.2070 0. This result is not in contradiction with limits obtained bsher
experiments. The addition of a contribution from a modelmdmalous single top production yields a
better description of the data than is obtained with the &ehModel alone. The new data at HERA Il
will allow the improvement the sensitivity to the anomalenagnetic coupling:,, by roughly a factor

of two. For the FCNC coupling to th& 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 (fiflldds of course not a theory, but rather a
pretext to discuss the path to new physics interpretatioce gome deviation from the Standard Model is
found in the experimental data. A popular theory that extehd Standard Model is the supersymmetry
(SUSY). SUSY provides the unification of internal symmegtneith the Lorentz invariance and asso-
ciates supersymmetric particlepérticles) to the known Standard Model particles. The ssyyametric
models propose solutions to most of the Standard Model pnab(hierarchy, fine—tunning, unification)
and predict spectacular final states to be obtained in pacalisions. Despite extensive studies at
colliders and elsewhere, no trace of SUSY has been deteeted y

As an example of the capabilities of the SUSY theories toiptesppectacular topologies, we shortly
present here several hypothesis, some of them not yet fyijoeed with the present data, that may
explain the production of events with high- leptons at HERA. The production of singiparticles is
possible at colliders if the multiplicative quantum numlégris violated (for a particle, thé&—parity is
R, = (—1)3B+L+25 whereB is the baryon numbel, the lepton number an8l the spin). For instance,
the violation of thelz—parity opens the possibility of squark production in thehannel at HERA due to
the electron-quark-squark Yukawa coupling. A special taifee stop®) which in most SUSY scenarios
is the lightest SUSY particle.

The produced squarks can decayetoor v¢ trough R,—violating coupling producing events with
the same topology as the deep inelastic scattering prot&ssever, gauge decays into a quark and a
chargino or a neutralino may lead to complex final state togiel, including configurations with high
energy leptons.

There are a few possibilities to produce events with isdlEptons and missing transverse momentum
in squark decays at HERA

o If the squark decay via gauge decays+ ¢y, the semi-leptonic decay of the chargino into a
neutralinoyt — x~ (v issue an isolated leptons and missing energy together Vitya Pr jet
from the primary squark decay. If the neutralino is stalilean travel undetected the apparatus
and induce extra missing momentum. The same topology isnautan the case of the decay
chaing — ¢y™ — qvl. If the slepton is stable, then it can fake a muon signatuthérdetector.
However, a stable neutralino or a stable slepton require &YSphrameter space that is already
severely constrained from LEP analyses.

%In most scenarios the charge of the prominent isolated teiptthe event correspond to the lepton beam charge
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3.6 The model independent new physics search

e If in the same configuration as above the neutralino can deieag 12, violating coupling:y® —
eqq or X' — vqq. This will give rise to events with either several jets orexaV charged leptons in
the final state. Searches of squark production at HERA by thedHaboration have not detected
any deviation from the Standard Model predictififi &2, 93] aonstrained the squark masses up
to 290 GeV. The H1 events with isolated leptons and missantstrerse energy do not correspond
to the predicted topology in the SUSY parameter space, ynbstlause no multi—jet shape of the
hadronic system is observed.

e If we consider the resonant production of stop quarks at HERBUSY parameter space can be
considered where the stop is heavier than the sbottom. Ifiditian the charginos are heavier
than the stop, the following channel may have an importantrgmition to the stop quark decay
{ — bW with subsequenk,, violating decayb — dv. This decays chain produce events with
isolated leptons and missing energy accompanied by a pesrnlradronic system i — (v
or events with three jets and missi in the case of hadronid” decays. In addition, th&,
violating decays — eq are also present and provide a cross—check of the stop piooluat
HERA in this scenario.

e In the case of two non-zei@—parity violating couplings, the slepton produced in cheoglecay
can undergo a leptonic decay via\aoupling: x™ — (Tv — (tvv. A large number of final
states should be observed at HERAeirp collisions [S3S6] ( denotes a hadronic jet):

etp == XFo— tjvv, (X075, (T455, jijv
etp =i e = (M jv, (%jjj, jiv

Events with an isolated lepton, missiity and prominent hadronic system are predicted to ap-
pear in conjunction with tri-lepton events and a jet. The patibility of this hypothesis with

the observation of both the+ P7*** events and the multi-lepton events at high mass has to be
investigated.

SUSY processes may also produce events with several eleecatged leptons. For instance, the pro-
duction of scalar neutrin@P6] via&p violating coupling in the leptonic sectok §, etp — ptv, X —
putu~ et X. The signal should produce a peak in the invaridnt~ mass distribution. If tau leptons are
produced in the final state (trough a differeéntoupling,etp — 71, X — 7Tr=etX), events with
narrow jets and missing transverse momentum should beagker

The supersymmetry can be at the origin of the outstandingteweith leptons observed at HERA,
altough the most popular scenarios are not likely. A richmaimeenology, with numerous decays channels
- typical for the R, violating SUSY - provides a cross check of this hypothest iamites for further
detailed analyses.

3.6 The model independent new physics search

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

“No significant missing®r has been detected in those events. Only one among the six Hideteatron events at high mass
have a clear hadronic system.
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Figure 3.5: The reasult of the H1 general search. The datan{§) and Standard Model expectation
(histogram) for all event classes with a SM expectationtgreédan0.1 events are shown.

DO collaborationlid7]. The idea is to define a common phaseesfm all types of final state identified
particles. The events are then classified according to théclgacontent. Kinematical quantities are
defined, like the mass and the scalar transverse momentdra, rmm-biased search algorithm is applied
in order to look for local deviations that may appear due tdristance to a hypothetical multi—-channel
decay of a heavy particle.

The analysis has also been performed by the H1 collaborf#E#}n‘Objects” are defined from particle
identification: electrond), muon {:), photon §), jet () and neutrino#) (or non-interacting particles).
All final states are analysed having at least two objects avttlansverse momenturf?f) above20 GeV
and in the polar angle rang®° < 6 < 140°. All selected events are then classified into exclusiveteven
classes (e.gej, jj, jv) according to the number and types of objects detected ifinbkstate. The
event samples selected in the different classes are shofigunelZ®. A very good agreement is found
for nearly all those topologies which is a great achievemking into account the complexity of the
final states that are studied. The data fluctuate over thel&tdModel in the.jv, as expected from the
previous observations. The statistical analysis of thesnaasl P spectra also identifies the observed
fluctuation in the multi—electron channel, no visible on ghebal rate ofe channel shown in figulEl.5.
No other significant deviation with respect to the Standaodi® has been found in addition.

The general search at high- gives a global view of the physics rates as a function of thed Btate
topology and require a good understanding of the StandardeMand of the detector. This type of
analysis is necessary for the searches program at preserititame colliders, as it provides an extra
security belt against the unexpected phenomena that may wca 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 mtararcolliders provides an unique tool for
the study of the processes involving the basic structurbefatter. The present colliders LEF ¢~
collisions), HERA ¢p collisions) and Tevatromf) collisions are complementary and span a wide range
of hard scaterring processes.

Within the Standard Model framework, the lepton producpooceeds either through boson splitting
or via boson—boson scattering. The investigation of thd fitedes with isolated leptons allows to test
the electroweak sector of the Standard Model . The productfoveak bosons, single or by pair, at
LEP and the Tevatron is found in agreement with the precikelleions based on the Standard Model.
The boson production at HERA is a rather rare process andrttugption of thel¥’ boson has been
experimentally demonstrated. The observation of a fewtgpatar events with isolated leptons, missing
transverse momentum and a prominent hadronic jet is pugatid needs more integrated luminosity to
be clarified. The measurement of the production of eventls sétveral charged leptons is particularly
interesting at HERA and the Tevatron due to the particulad@ons of production: QED processes
coupled to the intimate structure of the protons enteriegdaction. The study of the spectacular multi-
electron events with high masses observed in the HERA | dédtaontinue at HERA Il with large
statistics.

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

The forthcoming years will bring an increased data sampleEERA and the Tevatron, comparable
with the excellent LEP performances. The precision of thasueements will increase, new tests of
the Standard Model will be possible and hopefully a discpwerthe BSM—land. Otherwise the Large
Hadron Collider will have to demonstrate that there is stringtbeyond the celebrated Standard Model.
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