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Abstract 

The CERN School of Physics is intended to give young experimental physicists an 
introduction to the theoretical aspects of recent advances in elementary particle 
physics. These Proceedings contain reports of lectures on the following topics: field 
theory, electroweak theory, physics beyond the Standard Model, QCD, heavy flavours 
and CP violation, results from LEP experiments, particle accelerator technology, tau 
charm factories, and the Large Madron Collider project. 





PREFACE 

The 1990 CERN School of Physics was held from 16-29 September on the island of 
Mallorca, Spain. It was attended by 95 students in all: 86 students were from eleven 
CERN Member States / including 7 from the host country, and 9 from six non-member 
states. 

Our sincere thanks are due to the lecturers and discussion leaders for their active 
participation in the School and for making the scientific programme so stimulating. 
The high attendance at the lectures in spite of the warm and sunny weather testifies to 
the excellence of their work. 

The School was organized in conjunction with the University of the Balearic Islands. 
We are indebted to the University for the strong support, both financial and material, 
that it provided for the School and for generously offering the welcoming cocktail. 
Funds were also made available by the CICYT (Comisiôn Asesora de Investigaciôn 
Cientifica y Technica) of the Spanish Ministry of Education and Science, 

Our warmest thanks are extended to Dr. M. Cerrada of CIEMAT, Madrid, who stepped 
in as Director of the School at very short notice and ensured the smooth running of all 
the essential practical details of the day-to-day organization. Our particular thanks go 
also to Professor L. Mas, University of the Balearic Islands, and his colleagues for their 
willing help. We are also grateful to Ms V. Hughes, Ultramar Express, Mallorca, and 
her colleagues for their untiring efforts in all the lengthy preparations for the School 
together with Ms S.M. Tracy (Organizing Secretary). 

The School was held in the Hotel Delta, near Lluchmayor, Mallorca, and our thanks 
go to Mr and Mrs Victory and their colleagues for their warm welcome and efficiency. 
The beautiful gardens provided an attractive setting for some lively talk and the Beach 
Club proved a popular rendezvous at mid-day, closely followed by the discothèque and 
floor show in the evening . 

A varied social programme was organized starting with a half-day visit to Palma de 
Mallorca. The full-day excursion began with a train ride to Port de Sôller, followed by a 
short boat-ride in a swelling sea, and ended with a moving piano recital at the home 
of George Sands and Chopin in Valdemossa. A traditional Mallorqufn barbecue by the 
sea provided a fitting end to a full and interesting fortnight. 

W.O. Lock 
on behalf of the CERN Organizing Committee 
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TECHNOLOGY OF PARTICLE ACCELERATORS 

0. Barbalat 
CERN, Geneva, Switzerland 

ABSTRACT 
After a short review of the main families of accelerators (direct current, 
linear, circular), the main constituent systems of the synchrotron are 
described, mainly the magnet, the accelerating system, vacuum, power 
converters and controls. The interplay between the technical solutions 
and machine performance are discussed, outlining how requirements 
for higher performance have stimulated technology and how improved 
technology allow to build more performing research instruments. 

1. INTRODUCTION 

Technology has and is still playing a major role in scientific research. Progress in 
technology have always been associated with the opening of new fields of science. Examples 
are numerous. Nevertheless I think that it is worthwhile recalling the impact of the telescope on 
astronomy and of the microscope on biology. 

In the same way, particle accelerators had a crucial impact on the development of atomic, 
nuclear and now particle physics. 

In addition to their invaluable contribution to fundamental research, accelerators have 
found a wide array of applications. More modern accelerators are used in many fields of pure 
and applied research, in medicine and industry. 

The technology developed for particle accelerators has even a wider spin-off and greater 
potential in engineering, medicine and finally in the economies of developed societies. 

The development of accelerators has followed the progress in the electronics industry and 
several branches of electrical and mechanical engineering. It is a field which, as a few others, 
has beneficed from an effective and fruitful collaboration between physicists and engineers, so 
that the design staff of modern accelerator laboratories is composed in almost equal numbers of 
experimental physicists and professional engineers. 

This lecture will start by describing rapidly die principle of operation of the main types of 
particle accelerators, review the major technologies used by the present machines, their 
limitations and expected development and mention their present and possible applications. 

2. FAMILIES OF PARTICLE ACCELERATORS 

The evolution and various types of particle accelerators can best be grasped by 
considering the so-called Livingston plot. It records the date at which each new machine was 
put into operation and the maximum achieved energy. 

Fig. 1 gives the initial chart of Livingston compiled in 1960, Fig. 2 is an update from 
1980 while Fig. 3 is a 1990 curve made for colliders. 

2.1. DC Accelerators 

The technique of accelerating charge particles by allowing them to fall in vacuum through 
an electrostatic potential has been known for about a century in the production of X-rays and in 
the early work on the measurement of properties of the electrons with the first cathode-ray 
tubes. 
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In principle it was only necessary to apply these techniques at increasingly higher 
voltages. There are however difficulties, primarily of insulation both for the voltage producing 
device and for the discharge tube through which the particles pass. The tube must be of 
insulating material and be well evacuated not only to prevent an arc or a flow discharge but also 
to permit the free passage of the particles. 

One of the most successful devices, still used to-day for injection into larger machine was 
the Cockroft-Walton accelerator. It uses a voltage multiplier circuit by which capacitors are 
charged in parallel and discharged in series Fig. 4). It operates on alternating current, using 
rectifiers to charge capacitors during one half cycle and other rectifiers to transfer the charge 
during the other half cycle so as to obtain a steady direct voltage. 

Another type of DC accelerator is the Van de Graaf electrostatic generator developed in 
the 1930's, where a high voltage is produced on an insulated electrode by bodily transporting 
charges up to it on a moving belt Fig. 5). A refinement of the Van de Graaf accelerators allows 
to double or triple the effective energy. Positive ions produced at ground potential are sent 
through a gas channel where they pick up two electrons and become negatively charged. They 
are accelerated to the high voltage terminal where both electrons are stripped off, leaving a 
positive ion which is further accelerated down to ground potential. 

2.2. Linear Accelerators 

In these devices, high energy is attained by the repeated application of an accelerating 
force on particle travelling in a straight line. 

The first machine constructed by Wideroe in 1928 consisted in a series of hollow metal 
drift tubes. Alternate tubes are connected to the terminals of an AC generator (Fig. 6). 
Particles are accelerated in the gap between two tubes and coast freely inside the field-free tube, 
while the voltage changes polarity. With the proper ratio of tube length to particle velocity, the 
ion will reach the next gap when die potentials are reversed and experience a new acceleration. 

Present linear accelerators are based on the Alvarez design. The drift tubes are enclosed 
in a resonant HF cavity which is made to oscillate in a mode in which the electric field is 
longitudinal (Fig. 7). Transverse focussing is provided by small quadrupoles placed in the drift 
tubes. 

A novel type of linear accelerator, known as the radio-frequency quadrupole (RFQ), has 
recently been developed. The name derives from the structure consisting in four longitudinal 
electrodes or vanes placed in a resonant cavity. These electrodes or vanes are shaped so as to 
ensure at the same time acceleration, transverse focussing and longitudinal stability (Fig. 8). 

RFQ's and Alvarez linacs are mostly used as injectors for higher energy circular 
accelerators. However high energy electron circular machines are limited by synchrotron 
radiation losses and large electron linear accelerators have been built as front line machines in 
their own right. 

Although LEP with its 27 km circumference is now the largest electron accelerator, it is 
likely that future electron machines will be linear and not circular colliders. 

2.3. Circular Accelerators 

The cyclotron designed by Lawrence in 1929 can be considered as a wrapped up Wideroe 
linear accelerator encased in an evacuated chamber with the addition of a steady magnetic field 
perpendicular to its plane. The effect of the field on the moving particles is to cause their path 
to become circular. The function of the drift tube is fulfilled by two semicircular hollow 
electrodes shaped like two half pill boxes called Dees (because of their resemblance to the 
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capital letter D). These are connected to a source of alternating voltage of fixed frequency as 
were the drift tubes in a Linac (Fig. 9). 

The operation of the cyclotron depends on the fortunate circumstance that fast particles 
take a long path and slow particles a short one so that the time required by either is the same 
and the accelerating frequency can be kept constant. This can be readily explained by the 
equation giving the angular velocity w which is derived from the equation expressing the fact 

Mv2 
that, at every instant, the magnetic force evB supplies the centripetal force —— required to 
keep the ion of mass m and charge e on an orbit of radius r in a field of strength B 

Mv 2 

^ = e v B (1) 

X = W = A B ( 2 ) 

r m v ' 
The angular velocity is indeed independent of radius or velocity. This equation does not 
however hold for relativistic particles where the mass m can no more be considered constant, so 
cyclotrons are limited to energies of a few tens of MeV. The frequency must be modulated as 
the momentum of the particle increase to keep the particle synchronized, hence the name 
synchro-cyclotron. 

In cyclotrons (and synchro-cyclotrons) the radius of the trajectory increases with energy. 
Large size magnets are therefore required to reach high energies. As the magnet mass rises as 
the cube of the radius, there is a practical limit to the energy which can be reached with this type 
of machines. The CERN synchro-cyclotron which is one of the largest machines of its type, 
reaches an energy of 600 MeV with a pole diameter of 5 m requiring a a magnet weighting 
some 3'000 tons. 

The synchrotron overcomes this difficulty by constraining the particles to rotate at a 
constant radius (Fig. ). The guiding magnetic field rises in step with the increasing 
momentum. The angular frequency and therefore the frequency of the accelerating voltage also 
increases with momentum; however, the frequency becomes nearly constant when the particles 
reach the relativistic regime. 

Early synchrotrons required large vacuum chambers and therefore bulky magnets. To 
achieve simultaneous horizontal and vertical stability, focussing had to remain rather weak, 
resulting in large amplitude transverse oscillations and therefore a large beam size. 

Strong focussing can only be achieved in one plane, at the expense of defocussing in the 
other one. However by alternating vertically and horizontally focussing sections, global strong 
focussing can be achieved in both planes resulting in much reduced beam size, smaller 
apertures and compact magnets. 

The gain achieved by strong focussing synchrotrons can best be realized when noting that 
the CERN PS, though an early machine, was capable of reaching 25 GeV with magnets placed 
along a 628 m circumference for a total weight of 3000 tons equal to the weight of the magnet 
of the CERN 600 MeV synchro-cyclotron. 

Most modem medium and high energy accelerators, storage rings and colliders follow the 
strong focussing synchrotron principle. One will therefore concentrate on the technology of 
these machines. 
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3. THE SYNCHROTRON 

The major constituting elements of synchrotrons are the magnet system which provides 
the bending and focussing fields, the accelerating system often called RF system because it 
operates in the radio frequency range and the vacuum. 

The ultimate performance of a machine is determined by the technical limits of these 
systems and it is to a great extend the associated engineering developments which have ensured 
the continuous improvements represented on the extended Livingston plots. 

Depending on the type of machine, the limit originates in one or another system. 

For protons (or heavy ions) the magnet system is the essential system. The final energy 
of a machine is determined by the radius and the magnetic field. Electron synchrotrons and 
colliders are limited by the available RF power to make up for the synchrotron radiation losses 
which increase with the fourth power of the energy. 

Vacuum is crucial in storage rings and colliders since the residual pressure determines the 
beam life-time and finally the integrated luminosity which is the parameter of interest to the 
user. 

Synchrotron requires in addition several important auxiliary systems which can be quite 
expensive in large machines. Particle source and injectors to provide the beams, power 
converters to drive the magnets, radio frequency or microwave power sources for the 
accelerating system, cryogenics to keep superconducting magnets at their required operating 
temperatures, controls and beam diagnostics to ensure the operation and monitor the 
performance are the main ones which will be briefly described. 

3.1. Magnet System 

Early synchrotrons like the CERN PS or the ISR had combined functions magnets with 
pole pieces shaped so as to provide both the bending and the focussing function. Strong 
focussing was achieved by alternating the orientation of the magnet gradients (hence the name 
AGS : Alternate Gradient Synchrotron to designate the Brookhaven proton synchrotron). Pole-
face windings were foreseen on the poles to compensate the saturation distortions at high fields. 
They were also used to create higher order fields (sextupoles,....), to adjust the chromaticity 
(tune variation as a function of the radius) for stabilizing the particle motion. 

In spite of additional correction magnets, it was difficult to adjust separately all the 
parameters. Furthermore, iron saturation was reached at the pole tip, limiting the maximum 
field which could be achieved on the central orbit and therefore the peak energy which could be 
reached by the beam. 

Modern synchrotrons have separate function magnets, namely dipoles for bending, 
quadrupoles for focussing, sextupoles and octupoles for chromaticity control and correction of 
higher order fields. The dipoles which are by far the major elements of the magnet system, in 
terms of total size and performance, can be optimized for higher field values (above 2 T in the 
SPS, against 1.2 T on the central orbit of the CPS) thereby increasing the peak machine energy. 

For large electron machines, such as LEP, the field requirements are modest but one must 
maintain the field quality and try to compensate this relaxed specification by a corresponding 
cost saving. This is achieved by the interspacing of the lamination by concrete layers. 

Low energy machines such as for instance the Antiproton Accumulator and collector rings 
face another problem. They must handle a large emittance beam and have therefore a 
corresponding large aperture. Having to store particles over extended periods (several days) 
an excellent field quality must be maintained over large apertures (good field width of-40 cm). 
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Superconductivity is bringing a new generation of magnets with increasing performance. 
The Tevatron magnets at Fermilab, have exceeded 4 T, HERA at Desy, Hamburg, operates at 
6.5 T, while 10 T are aimed at for the LHC with already successful operation above 9 T of two 
models , one with NbTi conductors operating at 1.8 K and another with M>3Sn at 4.5 K. The 
LHC magnet will have another novel feature, a two-in-one layout with two magnets of opposite 
polarity in the same cryostat (Fig. 10). 

Synchrotron magnets present a host of technological challenges. The over-riding one is 
certainly field quality and reproducibility between units. Particles will circulate over millions of 
turns and even small errors may build up and lead to beam blow up and losses. Strong 
focussing synchrotrons are characterized by 'resonances'. These are regions in the tune 
diagram (which represents the transverse focussing) where particle trajectories are unstable; 
they are excited by the higher order terms of the magnetic field. A peculiar problem to 
superconducting magnets are 'persistent' currents, induced by the magnetic field ramping but 
which are not damped because of the absence of electrical resistance in the conductors. 
Persistent currents can be reduced if the conductor is made of thin filaments. Filaments for 
present magnets have diameters in the 10 to 15 m range. For future machines, like the LHC, 
one is aiming at 5 to preferably 2.5 m. 

Another technical problem is cooling. Classical copper coil magnets have hollow 
conductors through which water is made to circulate to remove the resistive losses. 
Demineralized oxygen free water is required to avoid corrosion. This entails for large machines 
complex and extensive auxiliary water treatment systems. Cooling brings problems of quite 
another order of magnitude for superconducting magnets. The conductors must work at liquid 
Helium temperature to preserve the superconducting state and a complex cryogenic installation 
must be provided with cryostats, heat shields and an intermediate liquid nitrogen stage. For the 
LHC, to reach 10 T with NbTi conductors, a third stage with superfluid Helium is required. 

Beside the regular lattice magnets discussed so far, synchrotrons require also special 
injection and ejection switching magnets with peculiar technical problems. The initial deflection 
towards the extracted beam channel is given by a magnet with a very fast rise time, so that the 
field rises from zero to its nominal value with the few tens of nanoseconds separating two 
successive bunches. Kicker magnets are followed by separator magnets characterized by a thin 
conductor, called septum, carrying a large current, designed to create a large useful field inside 
the magnet gap with a minimum stray field beyond so as not to perturb the circulating beam. 

3.2. Accelerating Systems 

The parameters of the accelerating system vary considerably depending on the type of 
particles to be accelerated and the energy range to be covered. 

In low and medium energies protons synchrotrons such as the CERN PS and its Booster 
injector, the injected particles are not yet relativist and the revolution frequency of the particles 
varies substantially during acceleration. The chosen solution is to have ferrite loaded resonant 
cavities with the tune adjusted by varying the saturation of the ferrite. 

In relatively small synchrotrons, the revolution time is short and even with a moderate 
energy gain per turn (say some 100 kV/turn) the beam is accelerated to top energy within a 
fraction of a second. The limit comes often more from the magnet power supply than from the 
acceleration system. In large accelerators the voltage gain per turn becomes a key operating 
parameter (for a given maximum field, the energy scales with the radius but the necessary 
voltage gain per turn scales with the square of the radius if one wants to keep the same 
acceleration time so as to give the same particle flux to the users). 

Another requirement of the acceleration system is to have enough voltage to ensure phase 
(i.e. longitudinal) stability for a beam which has an inherent momentum spread. 
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On the other hand in high energy machines there is little velocity change between injection 
and top energy. There is no need to accommodate a large variation in the accelerating frequency 
and one can chose simpler and more efficient accelerating structures. For the 400 GeV SPS 
there is only a 0.44% velocity change and an untuned travelling wave cavity has a sufficient 
band-width to cover the range. 

The choice of the RF frequency must take into account beam dynamics, system design 
and efficiency considerations. In the case of the PSB-PS-SPS complex the need to cover a 
wide frequency range with ferrite tuning lead to the selection of a 3 to 9.5 MHz range for the 
CPS (3 to 8 MHz for the PSB), while 200 MHz was the optimum choice for the SPS. For 
large electron accelerators and colliders which are dominated by synchrotron radiation losses, 
and require high power levels, RF efficiency becomes a key design element. For the first phase 
of LEP one has chosen a five cell copper structure coupled to a single cell storage cavity 
operating at 352 MHz. The idea is to store the RF power between successive bunch crossing in 
a reduced loss structure, with the power in the more highly dissipative accelerating structure, 
only during the presence of the beam. 

In spite of clever designs, copper cavities driven at the power levels required by large 
colliders have high ohmic losses and several laboratories have developed superconducting RF 
cavities. The first generation was made of massive Niobium. The poor electrical conductivity 
of Niobium in the normal state makes these cavities very sensitive to accidental heat generation 
from sparking. A significant improvement is coming from the development of Niobium coated 
copper cavities which, because of the good conductivity of copper, are far less sensitive to 
these possible incidents. 

The accelerating systems of modern machines have to perform complicated beam 
gymnastics in order to provide the flexibility required by the evolution of their operating 
conditions. For instance when accelerating heavy ions they must be able to achieve a larger 
frequency swing than with protons. This is made possible with the existing RF system by 
changing harmonic number during acceleration. In practice acceleration is stopped for a short 
moment by keeping the magnetic field constant; the beam is debunched, the RF frequency is 
swept back to a lower value and then retrapped on that value, when acceleration can resume. A 
similar problem of harmonic number change occurs between the PS and the SPS as the 
acceleration systems operate on different frequencies. 

These examples are among the many technical problems which face the designers and 
machine physicists who operate and upgrade accelerators. 

Control of longitudinal beam instabilities is also achieved by appropriate feedback loops 
or additional RF cavities operating on harmonics or subharmonics of the main drive. 

The high power levels necessary for electron colliders have also stimulated the 
development of high efficiency RF power generators. In the case of LEP, klystrons capable of 
delivering 1 MW of DC RF power with an efficiency of 68% have been developed by industry. 

Novel constraints on the accelerating systems have come from the multiple roles assigned 
to proton accelerators converted into injectors for a downstream lepton machine. They had for 
instance to be fitted with accelerating systems matched to the main lepton ring (namely LEP) but 
these cavities must be electrically short circuited when accelerating protons to avoid the 
induction of destabilizing voltages by the proton beam. 

3.3. Vacuum 

The pressure level of accelerators must first be low enough to avoid scattering of the 
beam by the residual gas. This was easily satisfied in the early synchrotrons by operating in the 
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10"5/10"6 Torr range which could be reached with the existing technology of oil diffusion 
pumps. Care had already to be taken to select material with low degassing rate for the vacuum 
chamber such as stainless steel and to avoid mechanical construction details leading to 
prohibitive pump down time. 

With the performance improvements of synchrotrons in the 1960's, it was discovered that 
even at the few 1(H> Torr level, intense beams would ionize sufficiently the residual gas to 
produce a cloud of ions which could drive instabilities leading to beam losses. This pushed the 
requirement an order of magnitude downward to 10"? , which was achieved by replacing 
diffusion pumps by ion pumps and substituting metallic joints to elastomers. 

Vacuum technology was influenced in a much more dramatic way by the development of 
the Intersecting Storage rings at CERN. They were the first proton-proton colliders and did 
present a number of major technical challenges to the vacuum engineers. Instead of circulating 
for durations of at most a few seconds as in a ring operating in the accelerator mode, beam was 
stored for hours without significant scattering, since even if there is no loss, the beam is blown 
up and the luminosity hence the number of interesting events is reduced. 

Three stages of pumping were provided, turbomolecular roughing pumps, followed by 
sputter ion pumps and finally titanium sublimation pumps. Furthermore special care was taken 
to clean the vacuum chamber by glow discharge and bake out at temperatures of 250/300° C to 
remove the adsorbed gases. 

I was thus possible to reach pressures in the range of a few 10"^ Torr in the arcs and 
below 10'^Torr in the intersection regions where it is crucial to minimize the background due 
to collisions with the residual gas. 

The construction of LEP raised new issues. The main problem is due to the constant 
degassing induced by the synchrotron radiation in the magnets. Furthermore the reduced beam 
size (compared with a proton machine) results in a vacuum chamber of rather small cross 
section which has therefore a small vacuum conductance. This has lead to the idea of 
distributed pumping with a non-evaporable getter (NEG) strip installed in a pumping channel, 
which is an integral part of the vacuum chamber. The NEG pump consists in a 3 cm wide 
constantan strip coated with an aluminium-zirconium alloy which forms stable chemical 
compounds with the majority of active gases. The getter can be reconditionned by heating at 
400° C for some 15 minutes. 

3.4. Power Converters 

Particle accelerators and colliders and in particular (but not only) their magnet systems 
present a number of stringent powering requirements. 

Synchrotrons require the regular excitation of large magnetic systems within times of the 
order of a few seconds or even a fraction of a second. 

In the 1950's and 1960's the pulsed power could not be taken directly from the mains and 
large motor generator sets were used as flywheels. Progress in reactive power compensation 
and filtering together with the access to the grid at the 400k V level allowed in the 1970' s direct 
pulsing from the mains but one must nevertheless ensure an accuracy and a reproducibility of 
the magnetic field in the 10~4 region. 

Colliders have even greater current stability and hence regulation requirements for their 
power conversion system. 
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A large accelerator complex with its numerous beam transfer lines and its extensive 
experimental areas requires a considerable number of accurate and efficient power supplies with 
ratings ranging between a few kilowatts for corrective elements to megawatts for the main 
magnets. Innovative techniques such as switched mode, precision bipolar, resonant or fast 
pulsing units have been developed and are gaining widespread use for other applications. 

The powering of fast deflectors such as kicker magnets require megawatt pulses of a few 
microseconds duration with rise-time in the nanosecond range, which entails suitable pulse 
forming network and fast high current switches which are used in all the pulsed power field. 

3.5. Controls 

Large accelerators have tens of thousands of components, accelerating units, magnets, 
power supplies, vacuum pumps and gauges, position intensity or profile monitors, timing and 
sequencing circuits which must be accurately programmed, controlled and synchronized over 
distances of several kilometres or even tens of kilometres in the case of LEP. 

The information must be presented and displayed in a meaningful way to the engineers 
and technicians who need means of accessing and interacting with the process. 

The hardwiring of the first accelerators has given way to an extensive network of process 
control computers linked on the one side to the process via data acquisition and distribution 
links with more local intelligence to reduce the transmission requirements and on the other side 
to complex operator consoles with what were in their time innovative man-machine interaction 
devices such as computer backed knobs and touch screens which have now been adopted in 
industrial environments or original software developments which were later taken into 
commercial products. With the present development of personal computers and work-station s 
the trend is to use commercial hardware and customize the software. The interest of the 
computer manufacturer for the common development of some of these applications 
demonstrates that there is an interest in other areas for the solutions which will be engineered. 

The connection to the computer of the process to be controlled and of the elaborate 
monitoring and diagnostics systems requires an extensive data acquisition and control network. 
Expert systems are being developed to assist operation and trouble-shooting. 

3.6. Other Technical Systems and Related Engineering Problems 

Large particle accelerators and colliders require a variety of other technologies such as : 
- Beam instrumentation and diagnostics to measure beam position, beam intensity, beam 

transverse and longitudinal profiles, beam oscillations and instabilities, beam losses,... 
with high spatial and time resolution over a wide range of intensities. 
The table below illustrates the range of technologies involved in this field. 

- Survey to align with a precision of a fraction of a millimetre the accelerator components 
and the beam lines over distance in the kilometre and now tens of kilometres range. The 
requirements have led to the development of original instruments and methods which find 
applications in general surveying, geodesy and large tunnel construction such as the 
Channel tunnel between France and Britain. 

- For antiproton collider one has developed stochastic and electron beam cooling techniques 
which have in turn led to several technological requirements and developments in 
particular in die microwave engineering field. A recent application si radar for geological 
research, archeological applications are also envisaged. 

- The construction of accelerator components need a large variety of advanced mechanical 
techniques. Recent examples are for instance : 

- the metallisation of ceramic vacuum chambers for magnetron sputtering, 
- composite tubes for experimental vacuum chambers of colliders, 
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- Niobium coating of copper for the production of superconducting RF cavities. 
- Supeconducting magnets and RF cavities require sophisticated cryogenic systems. The 

cryogenic system of the Fermilab Tevatron consisting of a central helium liquifier coupled 
via liquid transfer lines to satellite refrigerators feeding strings of magnets is an example 
of the state of the art. Existing superconducting accelerators such as the Tevatron or 
machines like HERA operate with magnets at 4 K. To reach the field intensity of the 
planned CERN LHC a 2 K superfluid helium system is being studied. Classical colliders 
use superconducting focussing elements and the associated cryogenics such as cryostats 
and transfer lines to achieve a small beam size at the interaction point. 

Technology Subject 

Mechanics & Vacuum Ultra-high vacuum (UHV) 
High precision 
Bellows 
Secondary emission grids 
Fast wire scanner without vibrât. 
Mirror for UV synchrotron light 
Beam collimators 
Feed-throughs 

High permeability amorphous 
magnetic material 

Magnetic measurements 

Atomic jet (laser driven) 
Low-noise amplifiers & cryogenics 
applied to front-end electronics 

Schottky pick-ups 

Micro-channel detectors Light amplification. For ultra
high vac, (bakeable at 300° C 

Monolithic circuits Optical auto-correlator 
Low price (L.P.) 
High performance (H.P.) 
and/or radiation resistance (R.R.) 
components or circuits 

Radiation measurements 
L.P., H.P. , R.R. TV cameras 
L.P., H.P. fast ADC 
H.P. Pico-amperemetre 
Position sensitive electron 

multiplier (H.R., R.R.) 
Double sided strip detector 

for UHV 
R.R. TV screens 
H.P. low charge integrator 
H.P. differential discriminator 

Laser Short pulse, high power 
Picosecond analysis Streak camera 
Microwave Wide-band amplifier (7 GHz) 

for photo diode 
Optical fibres Directional coupler 

Optical fibre ring 
Beam imaging Multi-channel PM analysis 

CCD (Charged Coupled Device) 
anal. 

Stroboscopic reading of a CCD 
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- High voltage electric separators were used in the earlier days of particle physics to 
separate particles in secondary beams. Similar devices with synchronous switches are 
now used inside colliders to separate beams of opposite polarities when collisions are not 
wanted, during the injection and acceleration phases and in intersections not equipped 
with detectors so as to avoid the beam-beam phenomena which reduce luminosity. 

- The design of a large collider involves a huge amount of elements. In the 27 km long 
LEP tunnel, one finds about 60'000 different components of various dimensions ranging 
from some millimetres to kilometres and summarized in the table below. 

Accelerator Systems Number of diff. 
components 

Total number of 
components 

Civil engineering 
Magnets and RP system 
Beam instrumentation 
Vacuum system 
Accelerator support 
Water cooling 
Electrical distribution 
Transport (monorail) 
Survey 

40 
40 
30 

220 
100 
330 
110 
25 
10 

120 
5000 

620 
15240 
5500 

14900 
13700 

1700 
780 

Total 905 57560 

It is therefore not surprising to realize that computer aided design is now an essential 
design tool for such a project and that the logistics of its installation is a major engineering 
undertaking. 

- Some accelerator components, in particular the particle-antiparticle production targets and 
the nearby equipment, become heavily irradiated in the course of their operation and one 
requires sophisticated remote handling devices for their maintenance and replacement. 

4. CONCLUSION 

The particle accelerators developed for fundamental physics research have required the 
development of numerous and ingenious technical systems. Accelerators are now widely used 
outside their field of origin, in many other areas of research such as condensed matter, surface 
science, semiconductors, chemistry, biology, archeology,... They also have applications in 
medicine both for diagnostics and therapy and in many industrial fields from ion implantation 
for semiconductor manufacture to radiation processing for food stuff preservation. 

The technologies developed for particle accelerators may have even more important 
applications in the coming century. Superconductivity will certainly play a crucial role in 
power engineering for future fusion generators, electricity transport through lossless cables or 
storage in large coils in the form of magnetic energy. Supeconductivity may also have many 
applications in the transportation sector (levitated trains, marine propulsion). Availability of 
large capacity memories (Gigabit range) and complex integrated circuits manufactured by 
micolithography with synchrotron radiation light will allow the use of computer for many 
commercial and domestic applications. 

NMR using superconducting magnets, a spin-off of synchrotron technology is already a 
powerful medical imaging diagnostic tool. This technique has furthermore the potential not 
only to detect tumours and other physical anomalies but also to monitor the metabolism and 
allow early detection of potentially harmful disorders. 
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It is impossible to predict which of these possible technologies will have the greatest 
impact but if one judges from the success of 19th century accelerator technology now used 
everywhere in TV tubes, it needs no excessive boldness to envisage an even wider spread of 
accelerator derived technologies in the future. 
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The CERN Accelerator School has included in some of its courses lectures on 
specialized accelerator sub-systems (magnet, RF, ion sources,....) and organized 
schools on particular technological topics associated with accelerators such as 
geodesy or power converters. 
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* 1 § • 5 : Schematic diagram, of gener
ator enclosed in a grounded pressure 
tank. Circuits are shown for spraying 
charge on both the ascending and de
scending faces of the belt. 

F i g . 6: j j j e Wideroe linear accelerator. Each drift tube becomes charged to the 
opposite sign from that of its neighbors. The distance from gap to gap is traveled in 

a half-period of the oscillator. 
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Electroweak Experiments at LEP 
Alain Blondel 

L. P. N. H. E., Ecole Polytechnique, 91128 Palaiseau Cedex, France 

Abs t rac t 

The measurements performed by the LEP Experiments in 1989-1990 are 
described, with emphasis on tests of the Electroweak theory. 

1 Introduction 

The construction of the Large Electron Positron Collider (LEP) [1] at CERN was decided 
in the wake of spectacular successes from e+e~ machines in the mid-70's. The discovery at 
SPEAR of the cc resonances, (J/tp,iJ>'..), of the charmed mesons and of the r lepton, the 
observation of quark jets at SPEAR and gluon jets at P E T R A and PEP , then the study 
of the T resonances at DORIS and CESR, followed by the discovery of B mesons, all are 
clear indications tha t wherever an e+e~ machine has gone by, a clean and decisive picture 
of the physics can be obtained. LEP was then conceived as the machine for physics at 
the Fermi scale, where weak interaction phenomena appear in the purest form, the direct 
production of Z bosons, and, at a later stage, of W W pairs. 

These lectures t ry to explain to doctoral students what some of the LEP measurements 
are about. I will concentrate on the Electroweak measurements. 

The plan of these lectures will be as follows: first, I will try to summarize what we 
actually knew before LEP started. Then, I will describe LEP and the four experiments. A 
more detailed description of the apparently simple measurement of hadronic cross-sections 
will follow, as it provided the early and important results on the Z mass and width and 
on the number of neutrinos. A detour by the beam energy measurements will be made. 

Helicity plays a very important role in LEP physics, providing the source of forward-
backward and polarization asymmetries, and will be described next. Finally the elec
troweak measurements will be summarized by a discussion of electroweak radiative effects 
and what can da ta tell us about them. 
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trophysics, and particle physics. From Denegri reactions, from [3]. 
Sadoulet and Spiro [2]. 

2 W h a t we knew before LEP started 

2.1 T h e n u m b e r o f light neutr inos 

In a review [2] published in summer 1989, just before SLC and LEP started, limits on the 
number of light neutrinos were given from the following sources: 

• The CERN pp experiments, comparing the rates of visible Z and W decays; 

• e + e ~ experiments looking for the signal in 1^7; 

• astrophysical limits based on supernova SN1987A; 

• cosmological constraints from, e.g. the observed He/H ratio; 

The review concludes with N v = 2.ll§;$, figure 1, and the following statement: 
" N„ = 3 is perfectly compatible with all data. Although the consistency is significantly 
worse, four families still provide a reasonable fit". 

2.2 Electroweak m e a s u r e m e n t s 

A status of Neutral Current data before LEP can be found in ref. [3]. The knowledge in 
1987 came from: 
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• Measurements of Mz and M\y from the CERN pp experiments, yielding: 

M w = 80.9 ± 1 .4GeV,M z = 91.9 ± 1.8 GeV, 

while in 1989, CDF at the Tevatron [4] had measured: 

M z = 90.9 ± 0 . 3 GeV, 

just before SLC/LEP. 

• Measurements of Neutral Current over Charged Current cross-section ratios (NC/CC) 
of high-energy neutrinos off isoscalar target. This measurement, assuming the SU(2) L x 
U(l) structure of the Standard Model, is nearly equivalent [5] to a measure of the 
weak boson mass ratio: 

M w

2 

1 ==- = 0.231 ± 0.006. 
M z

2 

• Measurements of forward-backward asymmetries at e+e~ machines, parity violation 
experiments in atoms or in lepton-nucleon scattering, analysis of Neutral Current 
neutrino and antineutrino scattering data on proton, deuterium and isoscalar targets. 
These data yielded measurements of the weak neutral-current couplings of quarks and 
leptons, as shown in figures 3 and 4. 

As a result, no experiment was found to disagree significantly with the Standard Model, 
provided the weak radiative effects were taken into account and the mass of the top quark 
were smaller than 200 GeV, in the minimal version of the Standard Model, with only one 
Higgs boson of mass 1000 GeV. 

A global fit to the da ta yielded a value of the weak mixing angle sin2,dw = 1 — —^ = 
0.229 ± 0.0064 and of the p parameter [6], p = 0.998 ± 0.0086, see figure 2. The value of p 
could be interpreted either as a measure of isospin-breaking radiative effects, equivalent to 
the top mass limit given above, or as a limit on isospin-breaking vacuum expectation values 
in a more complicated model of the Higgs sector, but of course one could not disentangle 
the effects of these two phenomena, as both would influence that same number . 

The values of the QED coupling constant a , of the weak coupling constant a w e B k = f ° t f 

and the strong coupling constant a s t r o n g were determined with enough precision to rule out 
the minimal SU(5) Grand Unified Theory, and to favor strongly the supersymmetric version 
of this model. This could be seen as "perhaps the first harbinger of supersymmetry"(!) . 

2 .3 S e a r c h e s 

The most efficient machine to search for the top quark was and remains the Tevatron. The 
present limit [7] is 

M t > 91 GeV at 95%C.L. 

This is an area where future progress should come from the Tevatron itself, and I will not 
mention it further. 

25 



-0 .25 

7 1 1- 1 1 (a) 

-0 .30 

-0 .35 ^Sf .0-0 

-

• o - 0 . 4 0 

-0 .45 -
- 0 50 

-0 .55 

-0 .60 I 1 1 i 

X 

i t 

0.00 0.05 0.10 0.15 0.20 025 0.30 0.35 0.40 

€ L ( u ) 

0 . 3 x €

R

( d ) 

Figure 3: Before LEP: left-handed and 
right-handed couplings of quarks u and d as 
measured in low energy neutrino scattering. 
Also shown are the deviations expected from the 
Standard Model for various additional Z bosons. 
From [3]. 
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Figure 4: Before LEP: Vector and axial vec
tor-couplings of the electron for u^-e scattering 
(solid lines), reactor F e-e (dot-dashed line) and 
i/e-e (dashed line) scattering. Solutions A and 
B are the only possible ones. If one assumes the 
dominance of one Z boson exchange, the mea
surements of lepton asymmetries in e+e~ anni
hilation in the 7-Z interference region exclude 
solution B. From [3]. 

They were very few constraints on the mass of the standard model Higgs boson before 
LEP started. This topic is reviewed in [8]. A massless Higgs, as well as Higgs with mass 
between 10 and 110 MeV were excluded, and a Higgs with mass less than 5-6 GeV was very 
unlikely. However, a theoretical loophole existed to everyone of the experimental limits. 

2.4 Q C D 

Quantum Chromo Dynamics - Q C D - was rather solidly established as the theory of strong 
interactions. In particular the strong coupling constant had been measured from scaling 
violations in deep inelastic lepton scattering experiments to be a , ( M | ) = 0 . 1 1 ± 0 . 0 1 [10], the 
best value coming from muon scattering, a , (M^)=0.112±0.003. Fragmentation had been 
studied in a great variety of circumstances, lepton-nucleon scattering and e+e~ annihila
tion, leading to rather reliable hadronization Monte-Carlos, such as the LUND model [11]. 
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Figure 5: The LEP injector complex, showing also the underground location of two of the four 
LEP experiments, L3 and DELPHI. 

3 The LEP storage ring 

LEP is a 26.659 km long e+e~ storage ring running underground the Pays de Gex in France 
and Geneva county in Switzerland. Electrons and positrons are injected from a rather 
complex set of accelerators in to LEP at 20 GeV, figure 5, where they are accelerated up 
to 47 GeV, providing center-of-mass energies around the Z pole. So far, no da ta has been 
recorded above 95 GeV center-of-mass energy. The cross-sections decreasing very quickly, 
a very large step in energy is required to make this operation worthwhile. 

Four bunches of electrons collide with four bunches of positrons in four experimental 
intersections. In the other four points where collisions should occur, the beams are normally 
separated to avoid unnecessary beam-beam interactions. The interaction point has an 
extension of ax = 250 /xm horizontally, <ry = 20 /J,TD. vertically, az = 1.3 m m longitudinally. 
The best peak luminosity achieved in LEP is 1 0 3 1 / c m 2 / s , close to the design luminosity 
of 1.3 1 0 3 1 / c m 2 / s at 45 GeV per beam 1 . The average luminosity is reduced by the 
multiplication of several factors: luminosity decrease during the 10 hrs long fills, (factor 
0.5), filling time (0.7), scheduled interruptions for machine development (0.75), overall 
efficiency of the accelerator complex (0.75), and experiments da ta taking efficiency (0.8-
0.9), giving an overall efficiency factor of 0.15. 

Nevertheless the running of LEP has been quite remarkable, considering how young 
the machine still is. The performance is presently limited by the blow-up of the vertical 
beam size by the beam-beam effect. It is believed that the situation can be improved 

1 The luminosity C gives the rate of events for a process with cross-section a: N(events per second) = C.a. 
It is useful to remember that 1 nb=10~ 3 3 cm 2 . 
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Figure 6: Longitudinal cross-section of the ALEPH detector, showing the various detector com
ponents. 

substantially by increasing the number of bunches. This should happen in 1992. 
The typical integrated luminosity recorded by the experiments is: 1.2 p b - 1 in 1989, 

7. p b - 1 in 1990, 13. p b - 1 in 1991. The results I will give are based on the Published 
results from the 1989-1990 data . 

4 LEP Experiments 

The four LEP detectors are constructed and operated by very large collaborations of 
several hundred physicists and dozens of institutes around the world. They all include i) a 
measurement of charged particles in tracking chambers sometimes enhanced by microvertex 
detectors giving a very precise point close (10 cm) to the origin; ii) detection of photons 
in electromagnetic calorimeters, followed by iii) detection of hadronic energy from neutral 
as well as charged hadrons in hadronic calorimeters, iv) The hadron calorimeter is usually 
followed by a muon detector, v) The tracking is done inside a magnetic field, always 
oriented parallel to the beam direction and generated by solenoidal coils, the iron yoke of 
the magnet being used as re turn for the magnetic flux, vi) At small angles, luminosity 
detectors are placed to catch the electrons from the reaction e+e~ —+ e+e~, of well-known 
cross-section, which is used to monitor the luminosity. A complete description of the 
detectors is given in references [12],[13],[14],[15]. A view of the ALEPH detector is shown 
in figure 6. A hadronic event making explicit the functions of the various sub-detectors at 
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Figure 7: Hadronic event in the OPAL detector, 

large angles is shown in figure 7. 

5 The Z line-shape 

The major advantage of an e+e~ collider is the good, knowledge of the center-of-mass 
energy. The first task is thus to measure the cross-section for the various channels as a 
function of y/s. The luck and glory of LEP is the Z resonance, which offers great physics 
and great event rates. 

5.1 F i t t i n g the Z l i n e - s h a p e 

From measurements of the cross-sections for hadrons and leptons, one can extract several 
characteristics of the resonance: The Z mass, Mz, the total width, Tz, the peak-cross-
section for fermion / a^a , and the ratio of partial widths, R = ^uuL. These four quantities 
constitute a natural choice of variables, as they describe the resonance by its position, its 
width, its height and the ratio of the two types of decays. It turns out that they are i)nearly 
statistically independent, ii)easily related to basic electroweak parameters, iii)easily related 
to specific experimental errors. 

The total cross-section for the reaction e + e~ —• / / , including the effect of initial s tate 
radiation, is obtained by convoluting a radiator function H(s,s') by an 'Improved-Born-
approximation' [16,17] cross-section <7° [18]: 

29 



Detector ALEPH DELPHI L3 OPAL 

Energy measurements 

for 45 GeV particles: 

A E / E , Jets 9% 15% 10% 10% 
A E / E , e± 3.5% 3.5% 1% 3% 

A P / P , tracks 3.6% 7.1% 2.4% (/*) 

60% (others) 
6.8% 

Tracking Chamber T P C T P C TEC Jet Chamber 

CBhabha 26 nb 32 nb ~ 100 nb 43.6 nb (rel.) 

21.9 nb (abs.) 

N«iis 

in e — 7 calorimeter 74,000 300,000 7,680 11,700 

90° decay pa th (m) 1.85 1.9 0.52 2.1 

Main Emphasis: e± ID e/ir/K/p ID e,/*, 7 early readiness 
47T tracking, Ring Imaging resolution 47T tracking, 

Energy flow Cerenkov Energy flow 

Table 1: Comparison of some characteristics of the four LEP experiments. TPC stands for Time 
Projection Chamber, giving full three-dimensional space points. In the Jet Chamber signal is 
collected on wires strung longitudinally and provides two-dimensional (x-y) readout, the third di
mension being obtained from charge division. TEC stands for Time Expansion Chamber. Having 
longitudinal wires, the TEC is similar to the Jet chamber, but the readout with time expansion 
allows somewhat better point resolution. The number of cells in the Electromagnetic calorimeter 
was chosen as a figure of merit for electron identification, and the free decay path of hadrons in 
the tracking chambers before they reach the calorimeter as figure of merit for muon identification, 
but other parameters enter, such as the resolution. The cross-section detected in the luminosity 
calorimeter determines the statistical accuracy of the luminosity measurement, and should be com
pared with the peak hadronic cross-section of 30 nb. The luminosity measurement is, however, 
dominated by systematic errors. 

<rf(s)=['_' H{s,s')cr0

f{s')ds'. (1) 

The function 7i(s,s') gives the probability that the initial e+e~ system with center-
of-mass energy s has radiated one or several initial s tate photons, so that the remaining 
available energy for annihilation is s'. This function is calculated up to second-order in a 
with exponentiation of higher orders in [20]. The function cr^ [21] contains the interesting 
parameters: 

a){s) 
( 5 - M z

2 ) 2 + 3 2 r | / M z

2 

i 2 7 r r e r / 7 

M Z

2 (1 + ^ E D + 
If7(s - M Z

2 ) 
JV/(1 + *£CD) 
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Figure 9: The Z line shape for hadrons, cal-
Figure 8: The calculated line shape, at Born culated including exponentiated 0(a2) initial 
level, with first order radiative effects, and ex- state radiation. The large sensitivity of the 
ponentiated second order radiative effects peak cross section to a fourth light neutrino is 

clearly visible. 

+ f ^ ~ • Q) • (1 + *4BD) • */(l + «Sen) (2) 

The term Ifj represents the 7-Z interference term. For total cross-sections its effect is small. 
The terms iV/, SqCD have the values 1, 0, for leptons and the values 3, as(M^)/rr + ... for 
quarks. The te rm £ Q E D = 1 + f Q / f represents the final state correction. The figure 8 
shows the calculated line shape with and without radiative effects, which are indeed very 
large! 

The important parameters in equation 2 are the partial widths and total width Tf,Tfj, Tz, 
and Mz. They can be extracted from measurements of the cross-sections by a fit. In fact, 
this procedure constitutes an operational, and obviously gauge-invariant, definition of these 
parameters . 

I should like to comment on the fact that this procedure is often called "Model Inde
pendent" . Clearly, there are many assumptions involved in writing the equation 2: one 
assumes that the process involves only the Z and the photon. Furthermore, the Stan
dard Model is assumed for the calculation of the interference term. This latter caveat can 
be removed if one uses simultaneously to calculate it the vector couplings extracted from 
forward-backward asymmetries. On the whole, however, the procedure is insensitive to the 
intimate details of the SU(2) L x U( l ) Standard Model, and in particular to weak radiative 
effects, provided the gauge structure is correct. In the end, the procedure is much more 
satisfactory than a direct fit to the Minimal Standard Model, where the only parameters 
would be Mz, M t and M H - The information is not lost though, as it is easily shown that it 
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is equivalent to first fit the cross-section for Mz and the partial widths or their ratios, and 
then fit the results to determine M t and MH- It was in fact, a very important result to show 
that the Standard Model one-loop radiative effects could be absorbed in a re-definition of 
the partial widths [16,17,22]. 

Of particular interest are the QED-corrected peak cross-sections: 

af {s) ~ M?"rT ( 3 ) 

where the effect of interference and photon exchange have been also corrected for. It can 
be seen that the peak cross-section measures ratios of partial widths. In particular, the 
hadronic cross-section at the peak, <r£^| ' , has the particular property that it constitutes a 
sensitive measure of the number of light neutrinos. If one writes Tz = T^d + 3.1^ + N v . r v , 
it is clear that one additional neutrino will increase Tz by 160 MeV out of 2500 Mev, 6.4%, 
and decrease the peak cross-section by twice as much, 13%, as shown on figure 9. Since the 
largest counting rate is at the peak, this is how the SLC/LEP experiments first determined 
the number of light neutrinos [23], [24], [25], [26], [27]. The number of neutrinos can be 
extracted from quantities that are measured at the peak only: 

N„= r < 12?rR^ 

r. l^MzVEir " R ' " 3 j ( 4 ) 

where R^ = -^* i is essentially determined by the ratio of cross-sections between leptons 
and hadrons. The experimental error on R^ almost cancels in this formula, the main error 
coming from the uncertainty in the measurement of cr£^ ' . A precise determination of 
cross-sections pays off as a precise determination of the number of neutrinos. 

5.2 D e t e r m i n a t i o n of cross-sect ions 

The measurements of cross-sections by the four LEP detectors are reported in [28,29,30,31]. 

5.2.1 Bas ics 

Measuring an absolute cross-section is difficult. The procedure is the following: the signal 
events, constituted in the present case by Z decays into hadrons or leptons, are counted 
in the large angle detectors; at the same t ime, the normalizing events e+e~ —+ e+e~, 
subsequently called "Bhabhas" , are counted in the low angle detectors. 

The difficulty lies in the fact that many things can go wrong: one must be absolutely 
sure that large angle and small angle detectors are operational at the same time, with 
the same dead-time. This is solved in practice by recording for each event what set 
of detectors was operational, and by requesting for cross-section measurements that all 
relevant detectors be functioning. Furthermore, the data taking efficiency must be identical 
for the large angle events, which tend to be constituted of very large records -over 100 
kbytes- , and the Bhabhas, which tend to be simple events. This problem is solved by 
recording for each event its presence at the trigger level, even in the few cases where 
it could not be processed in the data acquisition system. Finally, the triggering of the 
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Figure 10: A luminosity event in the L3 luminosity monitor. 

Detector ALEPH DELPHI L3 OPAL 

Trigger 
Event selection and 
detector simulation 
Background subtraction 
Beam position 
Monte-Carlo statistics 

0.01 

0.5 
0.03 
0.01 
0.19 

0.1 

0.4 
0.5 
0.1 
0.3 

0.1 

0.5 
0.1 

0.3 

iO.l 

0.65 

0.1 
0.2 

Total Experimental error 0.6 0.8 0.7 0.7 
Theoretical error 0.3 0.5 0.5 0.4 
Total luminosity error 0.67 0.9 0.9 0.8 

Table 2: Luminosity uncertainties in % for the four LEP experiments. I have grouped un
der the same headings errors of similar nature, but labelled differently in the experimental pa
pers [28], [29], [30], [31]. 

detectors must be able to provide a measurement of the trigger efficiency from the data 
themselves. The LEP detectors are equipped with redundant triggering systems, yielding 
trigger efficiencies as high as, e.g. for ALEPH: 99.999% for Bhabhas, 99.98% for hadrons, 
99.85% for leptonic channels. 

Once these basic requirements are fulfilled, the events must be identified. 

5.2.2 L u m i n o s i t y m e a s u r e m e n t 

A thorough discussion of the ALEPH luminosity measurement can be found in ref. [32]. 
The determination of luminosity is based on counting of low angle Bhabha scattering events 
e+e~ —• e + e " . These events are detected in the small angle luminosity monitors, which 
consists of two electromagnetic calorimeters, with good spatial resolution, positioned very 
accurately. A tracking device is often situated in front of the luminosity calorimeters, 
to improve or verify the spatial resolution. Bhabha events appear as two back-to-back 
electromagnetic showers, carrying the full beam energy each, as shown on figure 10. 
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i W , « (rod) 

Figure 11: Selection cuts for Bhabha events in OPAL: 
i) the energies of the two electrons are plotted against each other; the cut requires the sum of 
the energies to exceed two thirds of the center-of-mass energy (events above the line at 45°). 
Background events, mostly below the line, are random coincidences between off-momentum beam 
particles. 
ii) The azimuth angle between the two electrons. Bhabha scattering is back-to-back, A<f> =180°, 
with a small tail due to final state radiation. Background events generate a uniform A<f> distribution. 
iii) The polar angle distribution showing the agreement between data and simulations. A good 
understanding of the cut at low •d is critical. 
The experimental cuts are represented by arrows. 

Triggering on these events is rather easy in the calorimeter. Redundancy is provided 
by single a rm triggers. The cuts for event selection are specially designed to eliminate 
uncertainties related to the position of the beam interaction point, as well as to minimize 
the effect of radiative tails affecting the energy distribution of the outgoing electrons, see 
figure 11. 

The main experimental challenge comes from the very strong angular dependence of the 
Bhabha cross-section, proportional to l / # 4 , where 6 is the scattering angle. As a result, 
the selected cross-section within the detector acceptance is proportional to l / ^ i n where 
6min is the lowest angle for detection. The value of 0 m , n varies from 29 to 55 mrad for 
the LEP experiments. An uncertainty on the inner radius R of the sensitive region of the 
luminosity calorimeter induces an uncertainty on the measured cross-section: 
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Figure 12: Comparison of data 
(points with statistical errors) and 
hadronization Monte-Carlo (contin
uous line) for hadronic events. 
a) Charged track multiplicity before 
energy cuts; 
b) Distribution of the sum of the 
charged tracks energy and the low 
angle calorimeters energy. 
c) Polar angle distribution of the 
sphericity axis; 
d) total calorimeter energy distribu
tion. From DELPHI. 

4000 

2000 -

cos(0) E„/Vs 

A^Bhabha „ Ai? 
= 2 x ——-

^Bhabha R 
For the typical value of R (10 cm) the precision required is 100 /xm. 
At the low angles considered, this process is dominated by t-channel photon exchange, 

the Z contribution is less than 5 . 1 0 - 4 . The Z-7 interference vanishes at the Z pole, but 
can be as large as 6 . 1 0 - 3 off the pole, leading to a small correction that affects only the 
Z mass. Other low angle QED processes are also included in the measured cross-section, 
e.g. + ̂ -e ' e 7 7 , but they are small (10 or so), and very well calculable. 

The calculation of radiative corrections to the Bhabha scattering cross-section itself 
is made delicate by the interplay of experimental cuts with higher order processes, that 
are not simulated. First-order QED calculations and Monte-Carlo programmes [33] are 
estimated to be good to ± 1%. Reaching a better precision requires leading-log second 
and higher order calculations which have been recently finalized [34]. The present estimate 
of the theoretical error is ± 0.3-0.5%. 

A summary of the present systematic errors on the luminosity measurements is given 
in table 2. 

5.2.3 Se lec t ion of hadronic events 

Decays of the Z into qq pairs are not separately identified, but generically labelled as 
kadrons. The typical hadronic event, figure 7, is characterized by a large number of charged 
tracks, on average 20, and a visible energy close to the total center-of-mass energy. As a 
result from the enhancement due to the Z pole the non-resonant backgrounds -such as the 
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Detector events sel. efficiency Eçut 
lycut r Bkg "77" Bkg 

ALEPH tracks: 
ALEPH Calo.: 

166K 
169K 

97.4±0.26 
99.1±0.2 

0.1 
0.2 

5 0.26% 
0.62% 

120 pb 
70 pb 

DELPHI 125K 96.9±0.5 0.12 5 0.3% 30 pb 
L3 115K 99.0±0.4 0.5 - 0.1% 20 pb 
OPAL 166K 98.6±0.4 0.1 5 0.11% 20 pb 

Table 3: Comparison of the hadronic selection procedures of the LEP experiments. 

"two-photon" events- are reduced by a factor 1000. It is therefore easy to design a set of 
selection criteria, that keep a large fraction of the signal (99% typically) with very little 
background contamination (typically 0.3% or less). The typical cuts involve a cut on the 
number of charged or neutral tracks, and on the visible energy. In the case of ALEPH, two 
independent selections are used, one using only charged tracks, one using only calorimeter 
information, providing a cross-check at the level of 0.2%. The selections performed by the 
LEP experiments are summarized in table 3 

A potential source of systematic uncertainty in the hadronic selection comes from the 
modeling of the loss of acceptance for low angle events: the calculation of this loss relies 
on the hadronization properties of the qq system. One of the early findings in LEP was 
how well the existing Models of hadronization, tuned on lower energy e+e~ data , were able 
to predict the properties of hadronic events [35], [36], [37]. This is particularly striking 
for charged tracks distributions. Only minor tuning of the models is required to obtain 
good agreement with the data , as shown in figure 12. Neutral energy, 7T°:rj production is 
somewhat less well known. 

A source of energy-dependent systematic error comes from the subtraction of the "two-
photon" background. The models for this process are largely uncertain. The cross-section 
at the peak of the Z is so large tha t this uncertainty does not contribute much to its 
determination. The energy dependence of the background, which is nearly constant, is 
very different from that of the signal. This causes an uncertainty of a few MeV on the 
total width determination. 

5.2.4 Se lec t ion of leptonic events 

Leptonic decays of the Z, e+e~ —> e+e~, e+e~ —> ^+yu~ and e+e~ —* T+T~ , offer much 
simpler topologies than hadronic decays, as can be seen in figure 13. They are however 
less frequent (1:20), and, since they have fewer tracks, are easier to miss. The selection 
procedures for individual lepton channels are more involved than for hadronic events, and 
depend on the specific properties of each detector. Good hermeticity and tracking down 
to low angles are determinant. A summary of the event numbers and selection efficiencies 
is given in table 4. ALEPH, DELPHI and OPAL also select leptons inclusively, thereby 
avoiding the set of cuts that differentiate one lepton type from another and reducing the 
systematic errors. 
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Figure 13: Typical Z decays in the ALEPH detector. Hadronic event (a)) and leptonic events :b) 
e+e~ event, characterized by the large showers in the electromagnetic calorimeter; c) fi+fi~ event 
characterized by the two muons penetrating through the hadron calorimeter to the muon chambers; 
d) T+T~ event characterized by different topologies in the two hemispheres, and missing energy 
due to the final state neutrinos. 

An additional delicacy happens for the e+e~ decays of the Z: the addition of, and 
interference with, the t-channel Bhabha scattering process, as seen in figure 15. The 
difficulty is of theoretical nature: while Z production and decay is well adapted to the 
structure function formalism of equations 1 and 2, this is not quite the case when the 
t-channel is included. Therefore, more complete higher order calculations have to be 
used [38]. The experiments give the "Z exchange cross-sections" where the t-channel effect 
has been subtracted, a procedure which introduces additional, but small (0.3%) systematic 
errors on the electron channel, and correspondingly less on the inclusive lepton channel. 

5.3 T h e b e a m e n e r g y 

The LEP data were taken at seven different center-of-mass energies interspaced by 1 GeV 
from 88.25 GeV to 94.25 GeV. The energies were scanned in the following order (peak, 
peak-1, peak, p e a k + 1 , peak, peak-2, peak, peak+2, peak, peak-3, peak, peak+3 , e t c . ) , 
where "peak" stands for the nominal energy of 91.25 GeV. This sequence is designed to 
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Detector ALEPH DELPHI L3 OPAL 

e +e~ events 
angular range 
systematic error 

6947 
[-0.9,0.7] 

0.5% 

2654 
[-0.7,0.7] 

0.9% 

4175 
[-0.72,0.72] 

0.6% 

5507 
[-0.7,0.7] 

0.7% 

fi+fi~ events 
angular range 
systematic error 

6691 
[-0.9,0.9] 

0.5% 

2475 
[-0.73,0.73] 

0.8% 

3245 
[-0.8,0.8] 

0.8% 

7240 
[-0.9,0.9] 

0.5% 

T+T~ events 
angular range 
systematic error 

6260 
[-0.9,0.9] 

0.9% 

2039 
[-0.73,0.73] 

1.4% 

2540 
[-0.7,0.7] 

2.1% 

5559 
[-0.9,0.9] 

1.0% 

Inclusive leptons 
angular range 
systematic error 

24754 
[-0.9,0.9] 

0.4% 

9494 

[-0.73,0.73] 
0.7% 

-

18306 
as above 

0.4% 

Table 4: Numbers of leptonic events, angular range for the selection and systematic errors for the 
four LEP experiments. 

minimize the risk of systematic drifts of the energy. The choice of the scan points aims at 
optimizing the resolution on Tz, while providing enough redundancy to verify the quality 
of the fit. 

Possible uncertainties on the beam energy result in systematic errors on Mz, and Y%. 
The Z mass error is dominated by the knowledge of the absolute energy scale, while the Z 
width error stems from uncertainties in the differences between the various center-of-mass 
energies. Exact calibration of the beam energy is the result of remarkable work by the 
accelerator team. 

A reference for the magnetic field in the LEP dipole magnets is given by the signal 
induced in a moving coil situated in a reference magnet powered in series with the LEP 
dipoles. The beam energy derived from this measurement is displayed whenever the ma
chine is running and is labeled EFD ( f ° r Field Display). However, the reference magnet is 
of different nature than the LEP concrete dipoles and situated in different conditions of 
temperature and humidity. An absolute calibration by other methods is necessary. 

A direct measurement of the field generated by the dipoles is provided by cycling the 
magnets and measuring the induced current in a closed electrical loop, imbedded in the 
LEP dipoles. This "flux-loop" method is in principle rather accurate (±10~ 4 ) but cannot 
be applied while beams circulate. Furthermore it only measures the field produced by the 
dipoles, and not the additional fields which influence the beam energy, such as i) the earth 
magnetic field, ii) the possible permanent magnetic properties of the beam pipe, iii) the 
dipolar components of the beam correctors and quadrupoles. These effects being largely 
unknown, an in-situ calibration with circulating beam is thus necessary. 

An elegant solution is provided by comparing the revolution frequencies of 20 GeV 
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protons an positrons, circulating on the same orbit. This provides a calibration at 20 GeV 
at ± 3 1 0 - 5 level [39]. However, the extrapolation of this calibration to 45 GeV is entailed 
by the uncertainty in the non-linear fields mentioned above. 

The three methods described above are combined as described in [40]. The result is 
given as an average correction to be applied to EFD, which, for the 1990 data , was: 

ELEP = E F D X ( 1 . - ( 6 . 4 ± 2 . 2 ) 1 0 - 4 ) . (5) 

This uncertainty on the LEP energy leads to an overall 20 MeV error on the Z mass. 

2 Oct. 1991 

P(%) 

400 440 480 520 

time ( min ) 
560 600 

Figure 14: Polarization signal on 2 October 1991. The beam was excited with a 5 KHz sinu
soidal horizontal field, of slowly varying frequency. Sudden reversal of the polarization, "spin flip", 
occurred when the spin precession frequency was crossed, at t = 436, 540 and 616 minutes. 

In 1991, a more precise method, the resonant depolarization, was successfully performed 
by the LEP polarization collaboration [41]. Transverse Polarization of the beam builds up 
in a storage ring by the Sokolov-Ternov effect [42]: this phenomenon was observed in 
LEP for the first time in 1990 [43]. The resonant depolarization method has been used 
previously in e+e~ machines, providing accurate measurements of the masses of the J/V>, 
V>', T , T' , at VEPP4 in Novosibirsk [44], [45], at DORIS in Hamburg [46], at CESR in 
Cornell [47]. 

The spin precession frequency is determined by resonant depolarization: a fast kicker 
generates a periodic perturbation to the beam, and the particle's spin. If the perturbat ion 
is in tune with the spin precession, a spin resonance condition is obtained, and the polariza
tion can be destroyed, or even reversed. Figure 14 shows an example of several polarization 
reversals, allowing instantaneous determination of the beam energy to 1 0 - 5 . The spin pre
cession frequency is equal to the product of the revolution frequency, known to 1 par t in 
10 9 , by the spin tune u, directly related to the beam energy by the anomalous magnetic 
moment ae = *f* = 1.1596521884(43)-lO" 3 [48] and the mass m e = 0.51099906(15) MeV 

"' - 2 

of the electron: 

2 E 
v = aef 

beam Ebe 
2 m e 0.4406486(1) (6) 
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A spin tune v = 105.5 corresponds to the beam energy of 46.5 GeV. 
The resonant depolarization determines the beam energy without any other correction. 

However, polarization runs are performed only seldom, four times in 1991. They are for 
the moment incompatible with normal physics operation. The extrapolation to the scan 
da ta is affected by the reproducibility of the machine, estimated to be 10" 4 , consistent 
with the spread of the five polarization measurements. In 1991, the resulting uncertainty 
on the Z mass should be about 6-8 MeV. 

Neither of these methods has yet reduced the uncertainty in the differences between 
the various center-of-mass energies. The present estimate of this uncertainties is 10 MeV, 
resulting in 5 MeV error on the Z width. To reduce significantly this error, a measurement 
of two different energies by resonant depolarization will be necessary. This should happen 
in 1992. 

5.4 R e s u l t s o n the Z l ine-shape 

90 92 
ft (GeV) 

Figure 15: The L3 cross-sections for electron, muon, tau and hadron final states. On the top-left 
diagram are shown the t-channel and s-channel contributions to the e+e~ final state. The t-channel 
is subtracted to give the Z exchange cross-section, bottom-left, similar to the muon and lepton 
channels. Superimposed the best fit to the model independent Z line shape. 
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ALEPH DELPHI L3 OPAL Average \ 2 

Mz(MeV) 
r z (MeV) 
^d k ' ° (nb ) 
T e(MeV) 
TM(MeV) 
TT(MeV) 

91,182±9 91,177±10 91,181 ± 1 0 91,161 ± 9 
2,485 ± 1 7 2,465 ± 2 0 2,501 ± 1 7 2,492 ±16 

41.44 ±0.36 41.84 ±0.45 41.1 ± 0.4 41.01 ±0.41 
83.8 ±0.9 82.4 ±1 .2 83.3 ±1 .1 82.9 ±1.0 
81.4 ±1.4 86.9 ±2 .1 84.5 ± 2.0 83.2 ± 1.5 
82.4 ±1.6 82.7 ±2 .4 84.0 ± 2.7 82.7 ± 1.9 

91,175 ± 2 1 3.4 
2,487 ± 1 0 2.0 

41.33 ±0.23 2.3 
83.20 ± 0.55 1.0 
83.35 ± 0.86 5.1 
82.76 ±1.02 0.3 

r^(MeV) 83.1 ±0.7 83.4 ±0 .8 83.6 ± 0.8 83.0 ± 0.7 83.24 ± 0.41 0.4 

Table 5: Line shape parameters from the four LEP experiments as published in refer
ences [28,29,30,31]. Averages from [49] 

r z 
peak.O 

^ h a d r e r„ r T r< 
M z 0.09 0.01 0.06 0.04 0.03 0.08 
Tz -0.25 0.48 0.26 0.22 0.63 

peak.O 
^ h a d 0.22 0.14 0.11 0.30 

r e -0.19 -0.16 

r . 0.33 

Table 6: Average correlation coefficients for the parameter set of table 5. 

Once the cross-sections and energies are determined, a fit is performed according to the 
prescriptions of equations 1 and 2. Two different fits are usually performed: 

• A fit with no assumption of lepton universality: in this case, a set of six parameters 
is required. The results of such fits are shown on table 5. The different experiments 
give fits for different sets of parameters , the one shown on table 5 is given by the four 
experiments. Note that the electron width is known more precisely than that of the 
other leptons, because it enters as a multiplicative factor in every peak cross-section, 
equation 3. 

• The three leptonic widths give consistent values and support lepton universality. One 
can thus make this assumption and fit for one leptonic width Tt = | ( T e + T^ + TT), 
with due care for a 0.2 MeV mass correction for the tau partial width. The result is 
shown at the last Une in table 5. 

The results given in table 5 contain all the necessary information. However, one must 
be careful that the parameters given are strongly correlated. The correlations for the 
parameters given in table 5 are given in table 6. 

It is interesting to calculate an average of the LEP experiments so as to improve the 
accuracy of the results [49]. The following common systematic errors are taken into ac
count : 
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• The error on the mean beam energy, 2.2.10 4 , which results in a 20 MeV error on the 
Z mass. 

• The uncertainty in the point-to-point energy differences on the line shape. An error 
of 10~ 4 is assumed. This propagates into a 5 MeV error on both Mz and Tz-

• The theoretical uncertainty on «TBhabh»? since all experiments use essentially the same 
calculations. A common error of 0.3% is assumed. 

• The uncertainty in the t-channel subtraction for large angle e + e " events, which is 
also based on the same theoretical calculations. 

The resulting common errors are 0.25% for T e , T^, TT, Tt, and 0.3% for <r^ d ' . The 
agreement between experiments is good, as shown by the values of %2 for 3 degrees of 
freedom given in table 5. ALEPH 

35 -

Figure 16: The ALEPH hadronic 
cross-sections as a function of cen-
ter-of-mass energy. Superimposed 
the Standard Model prediction for 
2,3, or 4 light neutrino species. 

Hadrons N. = 2 

N, = 3 

N. = 4 

,. I .... I .... I . _u_ 1 • ' ' ' • 

87 88 89 90 91 92 93 94 95 96 
Energy (GeV) 

One can extract from these numbers the values of R< and N,,, so that the line shape 
results for LEP can be summarized as: 

M z = 91.175 ± 0.005 ± 0 . 0 2 0 L E p 
r z = 2.487 ± 0.009 ± 0.005 L E p 
Nu = 3.00 ± 0.004 ± 0.003th. 
Rt = 20.89 ± 0.13 ± 0 .02 t h (7) 

This establishes that there are three species of light neutrinos (whose mass is much smaller 
than Mz/2) , as clearly demonstrated on figure 16. 
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Initial state helicity cross-section Final state helicity 

e~ Z e+ ocg\e 

Forward: f f oc g\. 

Backward: f f oc g\* 

e - Z e + oc s^ e 

Forward: f f oc g2

Rj 

Backward: / / oc <?£, 

e" Z e + 0 

e~ Z e + 0 

Figure 17: Helicity effects in e+e —• Z production. The arrows <É= and => indicate the helicity 
of the particles. 

6 Helicity effects in Z production and decays 

The Standard Electroweak Model S U ( 2 ) L x U ( l ) being left-right asymmetric, helicity effects 
are expected to play an important role in Z production and decays. Helicity effects in 
e+e~ —•> Z —•> / / are sketched in figure 17. 

The fact that the Neutral Current couplings are different for left-handed and right-
handed fermions leads to polarization and forward-backward asymmetries which can be 
expressed in terms of the chiral coupling asymmetries: 
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At = 
_ 9Îf 9Rf 

9Îf + 92Rf 

2vfdf 

v) + a) (8) 

The couplings are related to the weak mixing angle sin2/âw(Mz) by the well known 
relations: 

9Lf = £3/ - Qf.sin2dv 

9Rf = —Qf.sin tfw 

af = (9Lf ~ 9Rf) 
vf = {9Lf + gRf) 

(9) 

(10) 

(11) 
(12) 

The values of Neutral Current couplings and their sensitivity to sin2 "a w(Mz) are given 
in table 7. 

Fermion type hi Qt at Vf A, 
dAf Fermion type hi Qt at Vf A, diin'til* 

V 1/2 0 1/2 1/2 1 0 
e~ -1/2 -1 -1/2 -0.04 0.16 -7.9 

u 1/2 2/3 1/2 0.19 0.69 -3.5 

d -1/2 -1/3 -1/2 -0.35 0.94 -0.6 

Table 7: Numerical values of quantum numbers, Neutral Current couplings, chiral coupling asym
metry Af and sensitivity of Af for the four types of fermions. The value of sin2 tfjf is 0.23. 

On the Z pole, and neglecting the photonic contributions, the observables obtainable if 
longitudinal beam polarization is available are: 

• The Left-Right asymmetry of Z production [50,51,52,53,54,55,56]: 

<?L — &R 
ALR = A 

<?L + <?R 

• The forward-backward polarized asymmetries [57]: 

APoi(f) = 1 {NViF - N-V,F) - (NVtB 

F B V (NVtF + N„V,F) + {NV,B + N.V>B) 
N-T,B) 3 

(13) 

(14) 

where V = ("Pe- — Ve+)/(l — Ve-Ve+) is the polarization of the e + e system. 

Without polarization one has at one's disposal the forward-backward asymmetry: 

4'i * l^Af. (15) 
In either case, for the t au lepton, the polarization of the final s tate fermion is measur

able. For unpolarized beams, the tau polarization is a function of polar angle: 

A , 2cos9 A 

1 + 2cos$ 
l+coa26 

S\es\r 
(16) 

44 



from which one can derive the average integrated over polar angle: 

(VT) ^ -Ar. (17) 

or an other version of the forward-backward polarization asymmetry [58]: 

APoi(f) (Nyr=1,F ~ NVr=_hF) - (NTr=hB - NTr=.ltB) _ 3 
F B (Nrr=liF + NVr=-1>F) + {NVT=1,B + ^ T = _ l i S ) - 4 " ^ ' U 8 J 

where Vr is now the polarization of the tau lepton. 

6.1 W h a t is ainHwl 

Before one starts discussing asymmetries at the Z pole, it is important to define a symbol 
that will be used as "monnaie d'échange" throughout the coming pages, sin2,âw. One can 
find many different usages and definitions of this mythic parameter in the literature. 

• Sirlin's definition [59]: 

2 a M W 2 , s 

sin tf^siriin = 1 - r r y . (19) 
Mz 

This definition was the most natural and practical in the 80's, when the most precise 
electroweak measurement were i) the W and Z boson masses, and ii) the N C / C C ratio 
in neutrino scattering, which is closely related to the vector boson mass ratio [5]. This 
definition is perfectly unambiguous. With the advent of LEP, where the Z mass is 
measured to 1 0 - 4 , this parameter is clearly redundant with the W mass itself. I will 
not use this definition, but consistently write 1 — 7^5-. 

• The MS definition [60] definition, 

sin^ûsiq2) = ̂ (q2) (20) 
9 

where ê and g are the QED and SU(2) running coupling constants in the modified 
Minimal Subtraction scheme. The advantage of this quantity is that it has been 
known for a long time, and is quite useful to use in the context of grand unification 
analysis, see for example [3]. It also corresponds to the intuitive picture where s t n 2 ^ 
is related to a ratio of coupling constants. Its disadvantage in practice is that it is 
not exactly measurable in any LEP process, even though it is operationally very close 
from the effective weak mixing angle definition. 

• The effective weak mixing angle: 

sin2^w{Mz2) = -(l-g-^)-èv (21) 
4 9Ae 

where the ratio SXs- is extracted from forward-backward asymmetries. The only dif-
3Ae. . . r 

ficulty in this case is to agree on the choice of the vertex correction Sv. The original 
scheme [16] of Lynn and Kennedy was based on a particular renormalization method, 
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sin2tiW7, and led to 8V = 0.0008. Hollik [17] subsequently proposed an equivalent 
scheme, sin2$w, with 6V = 0.0007. The radiative correction programmes of Bardin et 
al. [61] use yet another scheme where Sv = 0. Meanwhile, Lynn proposed a recast of 
the *-scheme, « n 2 ^ , , [62] with, also, 6V ~ 0. Depending on the specific t reatment 
of top threshold in the MS-scheme, the value is 8V ~ 0.0004. These ambiguities in the 
definition are not negligible in comparison with the experimental accuracy. Except 
maybe in the MS-scheme, the value of 6V is independent on the unknown masses of 
the top and Higgs. This is not t rue for Sirlin's definition. It goes without saying that 
anyone of the schemes is perfectly acceptable. 

Since a consensus seems to build up for it, I will use the definition of equation 21 
with 8V = 0, and write it sin2^^. This requires a modification of the values given by the 
experiments, in particular for ALEPH, which consistently uses the convention 8y = 0.0007, 
and labels it sin2-dw{M.z2). The advantage of choosing the effective weak mixing angle as 
a definition, relating it to the measurement of the ratio of vector to axial-vector couplings 
of leptons, is tha t all asymmetries at LEP can all be expressed in terms of this variable, 
thus simplifying the comparison between them. Furthermore, it is likely that the value 
obtained from asymmetries will be and remain the most precise for a long time. 

6.2 Forward-backward a s y m m e t r i e s for Leptons 

The angular distribution for a final state fermion is given by: 

dcr 3 ^7 / ->. 8 
dcosO 8 

<rff (l + cos26 + -A{pB.cose) (22) 

where 0 is the scattering angle, defined as the angle between the outgoing fermion / , and 
the incoming fermion e~. The resulting forward-backward asymmetry ApB is a function 
of center-of-mass energy: in the vicinity of the pole, 

48w - \^< + 4£4«*. • ̂ ^ j g ^ ^ j . (23) 
The first term represents the Z exchange, the second the Z-7 interference. For leptons, 

given the small value of Ae = 0.16, and the larger value of Q/ , the Z-7 interference 
dominates everywhere but on the pole, where it vanishes. The sensitivity to sin2^ is 
contained in the Z exchange term. However, from the steep slope of Aj?B with y/s, 8% per 
GeV, results some sensitivity to initial state radiation and center-of-mass uncertainties. 

The initial state radiation effect is treated with great detail in [63], and implemented 
in fitting formulae, such as MIZA [21], ZFITTER [61], EXP0STAR [19]. It is believed that 
the peak asymmetry can be predicted with an accuracy of 0.0003. The uncertainty in 
the absolute energy scale of LEP does not affect the results, since what mat ters is the 
distance of the measurement points from the Z peak, which is determined from the same 
measurement points. However, the point-to-point error results in an uncertainty of 0.0008 
on A{PB. 

In practice, the experiments extract the forward-backward asymmetry by performing 
a fit to the angular distribution of lepton pair events, according to equation 22. The 
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resulting value of ApB is shown in figure 18 for DELPHI. Systematic errors from selection 
cuts and detector imperfections are for the time being much smaller than the experimental 
statistical error. 

DELPHI 
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0.2 "
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"
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88 92 96 
Figure 18: The DELPHI fit
ted forward-backward asym
metries for electron, muon, 
tau and inclusive lepton final 
states. The Unes are the re
sults of a global fit to the 
Une shape and lepton asym
metries. 
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The main information extracted from the forward backward asymmetry for leptons is 
the QED corrected Z pole asymmetry, of equation 15, or equivalently, the ratio g\ejg\t. 
The QED corrections include i)the effect of initial and final state radiation and their 
interference, ii)the photon exchange and Z-7 interference terms, including the substantial 
t-channel contribution for e + e~ final state. The Z pole asymmetry is so small that small 
effects such as that of the imaginary part of the photon propagator are impor tant . 

The summary of results from the four LEP experiments is given in table 8. 

ALEPH DELPHI L3 OPAL 
0.0072±0.0027 0.0012±0.0040 0.0085±0.0048 0.0024±0.0028 

average 
0.0047±0.0017 

Table 8: Results of the forward-backward asymmetry fits for the four LEP experiments. 

From the average value of g\il g\t one can derive a value of the effective weak mixing 
angle: 

sin'Of = 0.2329 ±0°;0°£9

4 (24) 

6.3 r polarizat ion 

In the case of the T lepton, the charged decay provides us with a final s tate polarization 
analyzer. The ALEPH [64], DELPHI [65] and OPAL [66] collaborations have presented 
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T helicity Decay products in T rest frame probability 

=*> 

Forward: i/T£ 7T~ 0 
<= < — • 

r£ Vr = - 1 
4= 

Backward: ir~ VTL 1 

=> 

Forward: uTi 7T~ 1 
=> < > 

TR Vr = + 1 
«= 

Backward: ir~ " T L 0 

Figure 19: The r —> 7ri/T decay as a r polarization analyzer. The arrows <=• and => indicate the 
heUcity of the particles. 

results for the following five decay channels: r —» irvT, r —• evevT, r —•> fiu^Ur, r —•> /?i/ r, 
r —> o^iv 

Let us consider as an example the decay r —> 7ri/T. In this case the only particle that 
carries the helicity of the r in the final state is the left-handed neutrino. Wha t happens 
in the r rest frame is sketched in figure 19. The resulting distribution of the decay angle 
8 of the pion in the r rest frame relative to the r fine of flight is given by [67] : 

W(cosd) = - ( 1 + aVTcos8) (25) 

where a = 1. In the lab frame, the fractional energy of the pion is x„ = P^/Pbeam — 
\{cosB + 1). The resulting x x distribution is W(x) ~ x for VT = 1 and W(x) ~ 1 — x for 
VT = — 1. Thus, the measurement of the r polarization is obtained from an analysis of the 
momentum spectrum of the pion. 

For the lepton decays, the resulting momentum spectrum is given in [68]: 

Wi{x) = ^ [4a:3 - 9x2 + 5 + VT{8x3 - 9x2 + 1)] (26) 
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Figure 20: Momentum distribution of the electron (picture on the left) and pion (picture on the 
right) i n r - > e.vevT decays and pion in r —• xi/ T decays, respectively. The full line is the result of 
the fit, which is a linear sum of the components due to positive (dotted line) or negative (dashed 
line) T helicities. 

For p and ax decays, the decay angle distribution is similar to that of the r , equation 25, 
with a reduced value of a. The information can be retrieved in this case by a full analysis 
of the p or ai decay products, as explained by Rouge [69]. 

Detector ALEPH DELPHI OPAL 

VT in r —• evevT -0.36 ±0.17 ±0.06 -0 .1 ±0.20 ±0.09 +0.20 ±0.13 ±0.08 
VT in T —• iiv^Vr -0.19 ±0.13 ±0.06 -0.09 ±0.19 ±0.10 -0.17 ±0.16 ±0.10 
VT'\VL T —> iruT -0.130 ±0.065 ±0.044 -0.28 ±0.10 ±0.08 -0.08 ±0.10 ±0.07 
VT in r —• pvT -0.124 ±0.047 ±0.051 -0.170 ±0.085 ±0.080 -

VT in r —* a\vr -0.15 ±0.15 ±0.07 - -

VT, all channels -0.152 ±0.045 -0.176 ±0.076 -0.01 ±0.09 

APpg , all channels - - -0.22 ±0.10 

sinHf 0.231 ± 0.0058 0.227 ±0.009 0.237 ±0.009 

Table 9: Results of the r polarization analyses for the LEP experiments. The value of sin2^ 
corresponds to the definition of equation 21 with Sy = 0. The ALEPH value is modified accordingly. 

The experimental challenge is the discrimination of the various r decay modes. Given 
the high r momentum, the r decay products are very collimated. Particle identification 
and fine granularity both in the tracking detector and the electromagnetic calorimeter play 
an essential role. Furthermore, since the measurement is based on the analysis of particle 
spectra, the understanding of the energy dependence of i) event selection, ii) particle 
identification, iii) backgrounds, set the limits to the experimental accuracy. The typical 
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Figure 21: Analysis of the decay angle xp of the 
T ± 7T° system in the p rest frame for the r —• pvr 

decays in ALEPH. Four regions in the r —• p de
cay angle 6, with different ip distributions, have 
been selected to enhance the sensitivity. The 
full line is the result of the fit, which is a linear 
sum of the components due to positive (dotted 
line) or negative (dashed line) r helicities. 

Figure 22: Momentum spectrum of electrons, 
muons, and pions in r decays, fully corrected 
for acceptance and background (OPAL). Left: 
when the r~ is emitted in the forward hemi
sphere; Right: in the backward hemisphere. 
The full line is the result of the fit, which is 
a linear sum of the components due to posi
tive (dashed line) or negative (dotted Une) r 
helicities. Note the significantly different po
larizations in the forward and backward hemi
spheres. 

efficiency of event selection is between 40-70%, with cross-channel contaminations between 
3 an 10%. The best sensitivity comes from the 7r and p decay modes. 

Figure 20 shows the analysis of the IT channel in ALEPH, and figure 21 shows the more 
complicated analysis for the p decay mode. By separating the events between forward and 
backward hemisphere, OPAL also measures the forward-backward polarization asymme
try, figure 22. The results from the LEP experiments are summarized in table 9. The 
measurement can be expressed as a measurement of the r couplings, 

Ar = 0.135 ±0 .036 (27) 

Assuming lepton universality, the measurements of VT and Apg can be combined to form 
a measurement of sin2$^: 

sin2#f = 0.2314 ± 0.0043 (28) 
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6.4 Quark a s y m m e t r i e s 

In principle the quark asymmetries ApB offer better sensitivity to the measurement of 
couplings and sm 2i?^f than the leptonic forward-backward asymmetries, as well as better 
event statistics. However, it is difficult to tag specific quark final states and to measure 
their charge. This difficulties limit the potential of quark asymmetries. 

A first possibility, carried out first by ALEPH [70], then by DELPHI [71], is to measure 
the inclusive hadronic charge asymmetry. The method is based on the premise, first 
suggested by Feynman [72] that the original quark charge is carried out by the resulting 
jet of particles. This property has been since then verified in several reactions where the 
original quark flavour is known, in particular (anti)neutrino scattering [73]. 

The difficulty in a hadronic sample is to estimate for each event whether the final s tate 
quark was emitted forward or backward. A charge estimate is constructed as follows: the 
event is separated in two hemispheres, according to the thrust or sphericity axis: 

Forward •"': TTima 
Hemisphere , Axis 

Backward ' 
Hemisphere 

«r 

e + 

+ z 

Then, in each hemisphere, the momentum weighted charge is constructed: 

QF,B - - ^ — - r - ( 2 9 ) 
Z^F.B P||i 

where qi is the charge of particle i, p ^ its momentum projected on the thrust axis, and K is 
a parameter that is varied to optimize the method. For LEP data the maximum sensitivity 
is found for /c = 1. The sum runs for charged particles in the forward hemisphere, for Q F , 
or in the backward hemisphere, for Q B - A good estimate of charge for each event is found 
to be Q F B = Q F - Q B -

What happens when considering a large sample of events is shown in figure 23 (ALEPH). 
The charge cannot be recognized event by event, but only in a statistical way. The mea
sured charge distribution has a R.M.S. spread of typically 0.6, and, for a sample of u 
quarks all in the forward direction, an average value of 8U = 0.42, which is called charge 
separation. This large dilution down from the par ton level value of 4 / 3 , is due, mainly, 
to the hadronization process. The value of the average charge separations for the other 
quarks are shown in table 10. The good agreement of the distribution of Q F B between 
data and monte-carlo gives confidence in the validity of the modeling of the distribution 
of the initial quark charge to the final state particles, figure 24. 
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Figure 23: Simulated distribution of the mea
sured value of QFB f ° r a sample of uv, events, i) 
the quark is in the forward hemisphere (solid); 
ii) the quark is in the backward hemisphere 
(hatched); iii)the total sample with a 8% for
ward-backward asymmetry (full Une). The ar
rows indicate the parton level values. 

Figure 24: Measured distribution of QFB 
in hadronic events in DELPHI. Full line: 
hadronization and detector simulation; Circles: 
data points. 

The two experiments observe a significant average charge asymmetry, ( Q F B ) , for the 

total hadronic event sample. The expected charge asymmetry is given by: 

(QFB) = £ 
quark flavors 

SUM Tf 
lFB I^ad 

(30) 

The forward backward asymmetries, see equation 15 are all positive, but the signs of the 
charge separations are different. This results in a large cancellation, already at parton 

level. 
The experimental uncertainties are small compared to the statistical error, but the 

interpretation of ( Q F B ) in terms of sin2^ is affected by the uncertainty in the calculation 
of the charge separations. This uncertainty is estimated by varying the parameters of the 
hadronization models, and by comparing various models. It is found to be of the order 
of 20%. The resulting error on s m 2 ^ f f is proportional to the value of ( Q F B ) itself, which 
explains the different errors quoted by ALEPH and DELPHI. Clearly, the two experiments 
find different values for the charge separations, which can be traced to a different choice 
of input parameters in the simulation. It is safe to average the two values of s t n M f , by 
weighting them according to the experimental errors, and at tr ibuting an overall systematic 
error corresponding to 20% systematic error in the charge separations. I find: 
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partons ALEPH DELPHI 

8U 4/3 0.42 0.31 
8d -2/3 -0.21 -0.20 
8' -2/3 -0.29 -0.26 
8C 4/3 0.17 0.14 
8b -2/3 -0.22 -0.19 

(QFB) -0.0127 -0.0084 ±0.0015 -0.0076 ±0.0013 

sinHf (0.23) 0.2308 ± 0.0035 e x p. ± 0.0038 f r a g. 0.2345 ± 0.0030 e x p. ± 0.0027 f r a g. 

Table 10: Summary of charge asymmetry measurements. The first five rows show the charge 
separations (6*) for different quark flavors as expected at parton level and as they appear in the 
measurement, after hadronization and detector effects, according to the ALEPH and DELPHI sim
ulations. The last two rows show the average charge asymmetry for the inclusive sample of quarks 
and the value of sin2^^ that is derived. The parton level value corresponds to sin2,d^ = 0.23. 
The ALEPH sin2t?£f has been estimated to match the definition of equation 21 with Sy = 0. 

sin2df = 0.2329 ± 0.0023 e x p . ± 0.0032 f r B g . = 0.2329 ± 0.0040. (31) 

Given the good statistical power of the measurement, it is clear that the challenge is to 
understand the fragmentation effects better. 

6.5 Heavy quark a s y m m e t r y 

Experiment X 4 ^ (raw) ApB mixing corrected sinH'X 

ALEPH 
DELPHI 
L3 
OPAL 

0 1OO+0.027 
U.J.O^IC 0 026 

0-178±°;^ 

0.145±g2g 

0.093 ± 0.021 
0.115 ±0.043 ±0.013 

0.084 ± 0.025 
0.072 ±0.042 ±0.010 

0.126 ±0.028 ±0.012 
0.161 ±0.060 ±0.021 

0.130 ±0.043 
0.097 ±0.057 ±0.014 

0.2264 ± 0.0055 
0.221 ± 0.011 ± 0.004 

0.226 ± 0.008 
0.232 ±0.010 ±0.002 

Average 0.143 ±0.023 0.090 ± 0.014 0.127 ±0.022 0.2273 ± 0.038 

Table 11 : bb asymmetry at LEP. The B mixing average is from ref. [77]. The averaged values of 
AyB and sin2^^ have been obtained by averaging the raw asymmetries and correcting the average 
by the average LEP mixing parameter. ALEPH value of sin2,d^ corrected as previously. 

The production of b quarks at LEP is large, Z —•> bb represents 22% of the hadronic 
events. These events can be tagged by their semi-leptonic decays which produce high-
momentum leptons at large transverse momentum with respect to the jet direction, as 
shown in figure 25 for the L3 analysis. The charge of the lepton indicates the charge of 
the original b quark, allowing a sign assignment on an event by event basis. The charge 
assignment is diluted by several effects: 
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Figure 25: Measured distributions of the trans
verse momentum of the muon (a) and the 
electron (b) with respect to the nearest jet. 
These plots contains events for which cuts of 
Pu > 4 GeV and pe > 3 GeV have been ap
plied. The various sources of background are 
indicated. Data at large p± are dominated by 
b —• £ events. From L3. 

Figure 26: The angular distribution of the 
measured b quark direction. The thrust axis 
defines the direction of the quark and the sign 
of the lepton is used to define the b or b quark. 
The curve shows the result of the fit to the data. 
From ALEPH. 

• B° — B° mixing, which produces electrons and muons with the same transverse and 
longitudinal momentum properties, but with the wrong sign compared to the original 
o quark. The measurement of ApB requires the knowledge of the average mixing 
parameter x which is deduced from analysis of the same events comparing like-sign 
and opposite-sign dilepton events. This analysis has been performed by ALEPH [74], 
L3 [75], and OPAL [76]. The values are listed in table 11. The average, including 
common systematic errors, was performed by Roudeau [77]. 

• Contamination of the lepton sample by leptons from charm decays, either in cc events 
or from the charmed particles produced in b decays. This contamination is reduced 
by the kinematical cuts, but remains at the level of 3-10%, and has the opposite 
forward-backward asymmetry. 

• Contamination by misidentified hadrons. This contamination is between 4 and 10% 
but carries little asymmetry. 

All four experiments have measured the bb forward-backward asymmetry using 6-decays 
in to electrons (ALEPH [78], L3 [80]) or muons (ALEPH, DELPHI [79], L3, OPAL [81]). A 
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summary of the forward-backward asymmetry measurements is given in table 11. The raw 
forward-backward asymmetry has to be corrected by the mixing: ApB = AK

F'B / ( l —2^)-
It is better to average the raw asymmetries and to correct the average for the average 
mixing, than to average the corrected asymmetries, even though the results are very similar. 
I find, correcting the average raw asymmetry of 0.090±0.014 by the average mixing of 
0.143±0.023: 

A(b) _ 
AFB — 

sin2V* 
0.126 ± 0 . 0 2 2 
0.2273 ± 0.0038 (32) 

6.6 S u m m a r y o n sin i?l 2,(Jeff 

Figure 27: Summary of measure
ments of sin2,d^ from the for
ward-backward asymmetries of lep-
tons, inclusive quarks, b quarks and 
from the r polarization. Also shown 
is the prediction of the minimal 
Standard Model as a function of M t 

for M H =200 GeV. 

Af^Leptons) 

QpsCquarks) 

0.2329 ± 0.0034 
0.0029 

A«(b) 

Average 

0.2329 ± 0.0040 

0.2273 ± 0.0038 

0.2314 ± 0.0043 

0.2313 i 0.0019 
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1 I • i • ' M — 
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The different values of sin2,â^ measured from asymmetries and T polarization at LEP are 
summarized on figure 27. Even though it is also possible to extract an equivalent value of 
sin2,â^ from other measurements in the framework of the minimal SU(2) L x U( l ) model, 
and in particular from Te or Mw, asymmetries constitute a direct way to obtain a value 
that corresponds exactly to the definition of equation 21. The measurements on 1989 and 
1990 LEP da ta average to: 

sin2-df = 0.2313 ± 0.0019 (33) 

This number will play an important role in the determination of electroweak radiative 
effects. 
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7 Analysis of Electroweak Measurements 

7.1 Strategy 

With the wealth of observables measured precisely at LEP, new and more precise tests 
of the Standard Model predictions can be performed. The Standard Model predicts LEP 
observables using as input a set of very well measured constants [9]: 

a - 1 = 137.0359895(61) 
GF = 1.16637(2)l(T5GeV- 5 

M z = 91.175(21)GeV, 

(34) 

to which one can add as input the renormalized value of a at the Z mass [82], and the 
strong coupling constant estimated from the jet structure of hadronic events [83]: 

« ( M z 2 ) - 1 = 128.7 ± 0 . 1 
a , ( M z

2 ) - 0.118 ±0 .008 . 

However, radiative corrections have to be applied to the tree level formulae, as sketched 
in figure 28. 

A possible strategy to test the Standard Model at LEP is the following: 

• Probe the gauge structure of the model by performing tests tha t are insensitive to 
SU(2) L x U( l ) radiative effects. 

• Assume the SU(2) L x U( l ) structure and measure the radiative effects. 

• Determine the top quark mass in the minimal version of the model, with only one 
Higgs boson. 
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The. Stzudurc tf ELCCTfiOloeAK QuAfSTUM £FF£CTS 

Figure 28: The structure of radiative effects in SU(2)L X U(l). The relationship between ob
servables is represented by a loosely undulating line if the corresponding radiative correction is 
quadratically dependent on the top quark mass. The line is double if the correction depends also 
on p or M H , simply undulating if it depends on M { only (66 vertex correction). Tighter undulation 
represents corrections that depend logarithmically on M t or MH- Very small undulations represent 
vertex corrections insensitive to heavy particles. The reader is supposed to follow the lines from the 
upper box through Mw or sin2,â^ then turn left through K to T-z- The end is 'Bhabha scattering'. 
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7.2 Tests of the SU(2)L x U(l) Gauge S t ruc tu re 

7.2.1 Lepton Universality 
-0.49 

A„(LEP) + PT(ALEPH) 

-0.495 

-0.5 

-0.505 

6855 C.L 

993 C.L. 

MM 

250 GeV 

' -0.075 -0.05 -0.025 

9v (Mz2) 

Figure 29: The gvt - g AI plane testing universality. Compare with figure 4. 

One of the most essential features of gauge theories is the fact that particles belonging to 
identical multiplets of the same gauge group have the same coupling constants. 

The couplings of the leptons can be extracted from the measurements of 1%, TM, IV, 
A^B, A^l, APB and VT. with the following equations: 

r, = 
AFB 

GFU2\ 2 2 , , 3a> 
l ^ r ^ + ̂ Ki + i-); 
3 2gve9Ae ZgvtgAi 

Vr = -

49VC + 9AC9VI + 9AI 
%9VT9AT 

9VT + 9 AT 

(35) 

(36) 

(37) 

For the first time these measurements can be extracted, including the sign, without ad
ditional input or assumptions, for all three leptons. The results of a fit performed by 
Tanaka [84] are shown on table 12, and drawn on figure 29. Lepton universality is well 
verified and will be assumed in the following. 
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Çvt 9AI 

e 

T 

-0.031 ±0.010 
-0.044 ± 0.023 
-0.046 ± 0.010 

-0.4988 ±0.0016 
-0.5003 ± 0.0031 
-0.4986 ± 0.0029 

Lepton universality -0.037 ± 0.005 -0.4990 ±0.0013 

Table 12: Lepton couplings gvt and g AI extracted from leptonic asymmetries and polarization, 
showing the validity of lepton universality. 

7.2.2 T h e N u m b e r of Light N e u t r i n o s 

The number of light neutrinos is determined from equation 4, but what the experiment 
really measures is the ratio of the invisible width to the leptonic width: 

12TTR, 
\ A/T 2_peak,0 
\ M Z ^ h a d 

- R / - 3 (38) 

In SU(2) L x U( l ) the ratio Ti/Tv can be written as: 

^ ( i + ̂ x i + iha+w 
l u l g M 47T 

(39) 

where 8V = —0.0030 ± 0.0003 is a vertex correction with no dependence on heavy physics. 
The ratio (gvt/gAi)2 = 0.0047 ± 0.0017 can be taken from the measured asymmetries, see 
table 8. This yields the prediction: 

p predicted 
= 0.5017 ±0 .0008 . (40) 

The first way to use this result is to give the number of neutrinos, 

N„ = 
r measured T"i predicted 

inv 1 * 

r< X 
3.002 ±0.048 

One can also assume that the number of neutrinos is 3. Then this measurement consti
tutes a determination of the neutrino partial width, and a sensitive test of SU(2) L x U( l ) : 

- i = 0.5012 ± 0.008 
r„ 

in excellent agreement with the prediction of equation 40. 
In the following, the number of neutrinos will be fixed to three and the SU(2) L x U( l ) 

structure assumed. 
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7.3 D e t e r m i n a t i o n of SU(2) L x U( l ) Radiat ive Effects 

The relations between the various measurements performed on the Z resonance line shape, 
partial widths and asymmetries, are sensitive to unknown physics through three distinct 
radiative effects: the isospin breaking term Ap, the wave function renormalization K and 
the vertex correction to the bb partial width, 8vb. Other radiative effects, such as QED 
corrections and weak vertex corrections for light fermions are expected to be essentially 
independent of unknown physics under broad assumptions and can be calculated in the 
minimal Standard Model. 

The parameters Ap, «, and 8vb can be defined operationally. The Z partial widths and 
asymmetries are given in terms of bet ter known parameters (a, G F , M Z , ot,) and of these 
radiative correction terms by the following expressions: Ap is essentially related to T/, 
equation 35, with 

gju = -l/2y/(l + Ap) (41) 

gvi = 9At(l ~ 4 s m 2 t ? f ) ) . (42) 

One can relate Ti and sin2^^ to each other with no dependence on Ap by the expression: 

4 7T 

which constitutes a practical definition of K. The factor K absorbs the running of the 
Z self-energy across the Z resonance (wave function renormalization), as well as residual 
vertex corrections. 

The quark partial widths are given by: 

r o n G F M Z

3

 2 2 3 Q / a 
r , = 3(7QCD 6 ^ (9vq + 9^)0- + 4 ~ ) ( 4 4 ) 

with: 

gAq = I3J(1 + Ap) ( l + 8g) (45) 

gVq = 5 ^ ( 1 - ±Qq{sinH* + Cq)). (46) 

where 8q and Cq are the fermion dependent vertex corrections and 

CQCD = 1 + — + 1.41(—) 2 = 1.0389 ± 0.0027 
7T 7T 

for a3 = 0.118 ± 0.008, is the QCD correction to hadronic widths. The vertex corrections 
have been given the minimal Standard Model values, except for the bb partial with given 
by: 

Tb = T d ( l + Svb) 

by definition of 8vb. The neutrino width is given by equation 39, and the total width by 
the sum of all fermion partial widths. 

r* = (i + K) 
q ( M 2

2 ) M z 

48sinW<s'cosHf1 l + ( ^ ) 2 

9AI 
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Figure 31: Contours of constant x2 for sin2^^ 
Figure 30: Contours of constant x 2 for the two from asymmetry measurements versus Tt. The 
parameter fit to p0 and M t . p0 contains contri- Standard Model predictions as a function of M t 

butions to the p parameter beyond that of the and M H are shown, as well as the expectation 
top, and that of a 200 GeV Higgs boson. for one generation of technifermions in Nc = 4 

technicolor. 

The relationship between sin2,â^ and Mz follows from equations 35 and 43: 

7 r a ( M z

2 ) ( l + « ) 
U2' = 

V2GF{1 + Ap)sinHfcosHf' 
(47) 

In the minimal Standard Model, 8vb depends on M< only (quadratically), Ap depends 
on M t (quadratically) and on M H (logarithmically), while K has a logarithmic dependence 
on both M t and M H , and thus is relatively more sensitive to M H . 

Ap ~ 
c M t

2 

TTMZ 2 47T Mz 2 

K, 

•>«6 

a , M H 

9TT M 2

2 

20 a 

"Ï3 7T 

' M 2 

Mz 2 + 

13 , M t

2 

—In 
6 M z 2 

(48) 

(49) 

(50) 

The LEP measurements contain enough information to extract Ap, 6vb, and K. The re
sulting values for Ap, Svb, and K are obtained from a three parameter fit: 

Ap = 

K 

-0 .0023 ± 0.0050 S.M. : +0.0035 ±°0Z37 ( M t ) Tomlt ( M H ) 

= 0.006 ± 0.025 S.M. : -0 .010 Tofor ( M t ) ± 0 ( M H ) 

-0 .0033 ± 0.0089 S.M. : 0.0069 + 0.0004(M t) i ^ î s ( M H ) 

(51) 

(52) 

(53) 

(54) 
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The minimal Standard model values have been given for comparison for Mt = 140 GeV 
and M H = 200 GeV, with the errors corresponding to varying M t in the range 90-200 GeV, 
and M H in the range 50-1000 GeV. 

The measurement of 8vb is substantially improved with respect to what can be obtained 
from the more direct measurement of the bb partial width, which is presently limited by 
the uncertainty on the b particles semi-leptonic branching ratio. Assuming the minimal 
Standard Model variation of Svb upon M t [86], it can be used to place a limit on the 
top quark mass M t < 280 GeV at 95% C. L. This limit is less stringent than what can be 
obtained in the minimal Standard Model, from Ap mostly, but less sensitive to cancellation 
with other new physics. Equivalently [87], one can perform a fit to a model where the p 
parameter is written p = p0 + Ap(Mt), and leave p0 free. This could happen in models with 
more than one doublet or triplets of Higgs bosons, or if new particles produce radiative 
effects tha t affect p but not £„&. The result is shown in figure 30. Additional contributions 
to the p parameter beyond the top are constrained to modify it by at most ±1 .5%. This is 
a new test, made possible by the bb vertex correction; previous limits on M* had to assume 
the minimal Standard Model value of p0 = 1, or vice-versa, previous arguments that the 
tree level parameter was close to one had to assume that the top was not too heavy. 

Given the small range allowed for K in the minimal Standard Model, its measurement 
constitutes 1% test at the one-loop level. This test comes mostly from the comparison 
between the measurements of Ft and of sin2^ from the asymmetries, shown in figure 31. 
In non-minimal theories, K provides a test of the Higgs sector. Such an scenario is discussed 
in [88] where the related quantity S ~ /c x 4sin 2i?^f co.s2??^ff/a is expected to be increased by 
2.1 for one generation of technifermions in Nc = 4 technicolor. The corresponding increase 
of K is +0.024 and is clearly ruled out by LEP experiments. 

In principle, the measurement of K could be used to set limits on the Higgs boson mass. 
It can be seen from figure 31, however, that the experimental error is still three times 
larger than the variation of K, from the Higgs boson mass. Even though a low value of M R 
provides a bet ter fit than a high one, by more than one unit of % 2, one will have to wait a 
little while before radiative effects can really tell us about M H . 

The value of R* is sensitive to all three of these radiative effects, in a way that almost 
precisely cancels in the minimal Standard Model, as shown in figure 32, which shows 
agreement with this prediction. The value of the peak hadronic cross-section, closely 
related to the ratio Tiny/T/, is also an absolute prediction of the SU(2) L x U( l ) gauge 
structure. These two variables are plotted in figure 33, and show agreement with the 
minimal Standard model, at about 1% level. 

7.4 D e t e r m i n a t i o n of the top quark m a s s 

Having shown the consistency of the measurements with the minimal Standard Model, it 
is justified to consider all available measurements as measures of M t , which is the only free 
parameter left, given that the Higgs mass effects are very small. (They will be considered 
as an additional uncertainty in the following). 

The most precise measurements to date are: 
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• The measurement of the neutrino N C / C C ratio from the CDHS [89] and CHARM [90] 
experiments; 

• The measurement of the W mass from the UA2 [92] and CDF [91] experiments at 
the pp collider; 

• The LEP measurements of the line-shape parameters and of sin2$^ from asymme
tries. 

(55) 

A fit to these observables yields 2 : 

Mt = 144 ±» (exp.) ±Sj£2S°> GeV, 
the central value being estimated for M H = 200 GeV. 

Because of the quadratic dependence of the radiative effects on M t , the contribution 
from each experiment to the determination of M t is better seen by expressing it in terms 
of Ap, see figure 34. The remarkable agreement between these various determinations 
stresses the success of the theory. It is only unfortunate that the 95% C.L. upper limit 
is still 195 GeV, unchanged from what it was before LEP, although the error on Ap has 
been reduced by a factor 3. The value of the top quark mass is affected by the choice of 
M H , through the M H term in Ap, equation 48. As pointed out earlier, the quality of the 
fit is not affected significantly 3. 

2This result differs slightly fiom that of ref. [49] which does not include the quark asymmetries or the r 
polarization. It is very similar to that of ref. [93], with a small difference in the value and error chosen for 
sin2ti^ from the quark asymmetry. 

3see ref. [93] for a discussion of the significance of the apparent sensitivity of present data with MH-
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One can also see that the various experiments contain nearly equal information. Since 
LEP measurements are still largely statistics limited, they should improve in the near 
future. We are at the breaking point where LEP measurements will begin to constrain the 
top quark mass very significantly. 

The measurements can be expressed as a measure of the weak mixing angle sm 2 $£f, as 
shown in figure 35. The best value is: 

sin2#* = 0.2330 ± 0.0009 ±°;°°£ ( M H ) 

8 Conclusions and Outlook 

The advent of LEP accelerator and experiments has allowed a new and precise tests of the 
Standard Model to be performed. Electroweak measurements have shown no deviation 
from the minimal picture at the 1% level. This is confirmed by the lack of observation 
of new particles within the range kinematically reachable, and of the Higgs boson up 
to 50 GeV. The top quark mass is significantly bound. So, is there a future for LEP 
experiments? 

The first, obvious missing piece is the top. Hopefully, it will be found at the Tevatron, 
and its mass measured with a precision of ± 5 GeV. This event will be of considerable 
importance for Electroweak physics: if the top mass is found to agree with present expec
tations, the only free parameter left will be the Higgs mass! If not, there will be some 
fun... 

Improvements in Electroweak measurements are still to come: 

• The measurement of the W mass from the energy upgrade of LEP. By 1994, one 
expects the installation of a sufficient amount of superconducting R F cavities to be 
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able to reach the plateau of W W pair production. The expected W mass resolution 
should be about 60 MeV or better after a few years, an improvement by a factor 
4.5 over the present situation. The W mass will also be measured at the Tevatron, 
expectedly with a similar precision. 

• It is expected that the statistics of LEP experiments will have increased by a factor 
10-20 by the end of 1993. The measurement of the Z mass and width should improve 
significantly by steady scanning of the Z resonance, together with precise energy 
calibration of the beam energy by the resonant depolarization method. An error of 
±2.5 MeV on Tz seems reachable. Asymmetry measurements should also improve, 
resulting in a combined measurement error on sin2-d^ of ±0.0005. 

• The possibility of performing longitudinal polarization experiments at LEP is being 
investigated for CERN [85,94]. This could lead to much improved measurement of 
sin2,d^, to ±0.0004 per experiment for an exposure of 15 p b ~ l and 50% longitudi
nal polarization. One could even envisage the possibility of an ult imate LEP with 
polarization and high luminosity [95], bringing the error down to ±0.0001 

• In order to make full use of the future precision measurements of sm 2i9£f, the present 
estimate of a (Mz ) should be improved. The present error corresponds to an un
certainty in predicting sin •d'J? from M z of ± 0.0003. The improvement of a ( M z

2 ) 
requires better measurements of e+e~ —> hadrons in the energy region 1-10 GeV. 

• Last but not least, it is very much hoped that we will find the Higgs. The high 
energy programme of LEP offers a good chance of finding it up to a mass limit of 
MH=2.Ebeam — 100 GeV. Here the maximal energy that can be reached by LEP is the 
critical parameter . If this fails, we will have to wait for the future supercolliders SSC 
and LHC to give us some answer to the mysteries of spontaneous symmetry breaking. 

If the Higgs is not found, it is hoped that the precision on electroweak measurements 
will be improved to the level of sensitivity that would make its indirect determination 
through radiative corrections significant. Such an analysis was performed in [95], stressing 
the importance of very accurate measurements of sin2^^ with longitudinally polarized 
beams at L E P 4 , see figure 36. Clearly, if the Higgs is found, these same measurements 
may be precise enough to reveal physics beyond the Standard Model. Where there is 
hope... 

4 The apparent disagreement of the similar analysis of [93] comes only from a different understanding of 
what "significant" means. 
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Figure 36: A possible scenario for the ultimate precision of Electroweak measurements at LEP. 
Minimal Standard Model predictions in the (Ap, A30J plane. A30, = —/c. 
MSM predictions: dash-dotted line: M t free, M H = 50 GeV; full Une: M t free, M H = 200 GeV; 
dotted line: M t free, M H = 1000 GeV; 
Experimental constraints: vertical band: ATt = ±0.07 MeV. 25° band: A M W = ± 60 MeV. 45° 
band: Asin 2i?jf = ± 0.0001. The MSM prediction for M t = 165 ± 5 GeV as expected from direct 
measurement of the top mass is also indicated. 
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THE LARGE HADRON COLLIDER (LHC) IN THE LEP TUNNEL 

LHC Working Group, reported by G. Brianti 
CERN, 1211 Genève 23 

ABSTRACT 

After the remarkable initial operation of LEP, the installation of a 
Large Hadron Collider, LHC, in the LEP tunnel will open up a new era 
for the High Energy Physics. 

This report summarizes the main LHC parameters and subsytems 
and describes the more recent studies and developments. 

1 . INTRODUCTION 

The LEP collider after a spectacular start-up in 1989 has already produced fundamental 
new results, including the highlight of the existence of only three particle families in the 
Universe. The four LEP experiments have collected to date 750 000 Z° events. LEP will 
continue to be fully exploited in the coming years, while its beam energy will be progressively 
increased beyond the W pairs production threshold by means of superconducting cavities. 

It is appropriate then to consider a further substantive step of machine construction to 
enable exploration of matter at an energy level at least ten times the one of LEP. This can be 
done by installing in the LEP tunnel a double ring of very advanced superconducting magnets 
capable of handling counterrotating proton beams of app. 8 TeV, known as the Large Hadron 
Collider (LHC) [1]. 

It should be noted that this second installation will also open up the possibility of 
producing in LEP, in addition to electron-positron collisions, not only proton-proton collisions 
of 16 TeV in center-of-mass, but also electron-proton collisions up to 1.7 TeV, and eventually 
Pb-Pb collisions up to 1312 TeV. 

CERN could then dispose of the most formidable complex of multipurpose colliders in 
the world. 

It has recently been pointed out that the discovery of a massive Higgs particle ( mj-j 
< 0.8 Tev/c 2 ) seems possible at the LHC, provided a luminosity L higher than 10^4 cm'^s-l 
could be reached [2]. This could be obtained through the process ( H —> ZZ —> 4 \i ) using a 
multi-muon detector. Studies of various limiting phenomena have shown that for an 
experiment without central tracking and operating alone, the ultimate luminosity could be as 
high as 5*10 3 4 cm" 2 s - 1 . 

This paper summarizes the expected performances and limits, the proposed lattice and the 
status of the various technical systems. The construction carried out in collaboration with 
National Institutes and European industries is compatible with the completion of LHC within a 
reasonable budget and time scale. 

2 . PROTON-PROTON PERFORMANCES 

Recent experimental results with dipole models have shown that a magnetic field of-10 T 
can be reached. Since the circumference of the LHC orbit is determined by that of the LEP 
tunnel, it corresponds to a top energy of app. 8 TeV per beam. 
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Table 1 : List of Main Parameters 

Circumference 26658.833 m 
Revolution time 88.924 us 
Nominal bending field 10.0 T 
Nominal beam energies 7.7 TeV 
Injection energy 0.45 TeV 
No. of interact, regions (initially) 3 
Full bunch length 0.30 m 
RF frequency 400.8 MHz 
Min. inter-bunch spacing 15 ns 
No. of proton bunches/beam 4725 
No. of protons/bunch Lion 
Intensity/beam 850 mA 
Stored energy/beam 583 MJ 
Total synchro, rad. (two beams) 17.5 kW 
Beam radius at P*= 0.5 m 15pim 
Free space at I.R. 32 m 
Luminosity at fJ = 0.5 m 1.7x10 s4 cm-V 1 

(for three simultaneous experiments) 

The other important parameter of a collider, the luminosity, is given for round beams of 
equal sizes by : 

L = N2fk/47CG2 0 ) 

Here N is the number of protons per bunch, f the revolution frequency, k the number of 
bunches in each beam and S is the r.m.s beam radius at the crossing points. G is determined by 
the normalized beam emittance £ expressed in mm.mrad 

£* = 7a2/p* ( 2 ) 

(5 being the beta value at the crossing point and g the energy in proton rest mass units. 

3.1. Beam-beam effects 

The main limitation to the collider luminosity is the beam-beam tune shift % = r.N/47t£ , 
where r is the classical proton radius. The parameter % multiplied by the number of interaction 
regions must not exceed 0.01. Therefore when the beam-beam limit is reached, the luminosity 
can be increased : 

- by reducing the (3* in the interaction region (I.R). The limits are set by the bunch length, the 
magnetic strengm of the corresponding quadrupole triplets, the beam dynamic aperture and 
the length of the straight section, L* , available for Physics experiments. For p* = 0.5 m, 
L* = 32 m. 

- by increasing the number of protons per bunch. Since the ratio N/£ must stay constant to 
satisfy the beam-beam limit, the emittance £ and hence the beam sizes must increase 
accordingly. Limits are set by collective phenomena for N and by the available dynamic 
aperture for £* . A coherent set of parameters in the case of three interaction regions is N = 
1*10* 1 p / bunch and £ = 3.8 mm mrad. The CERN injector chain is capable of providing 
such beams with a few improvements. 

- by increasing the number of bunches. This allows to increase the luminosity while keeping a 
small number of events per collision and without changing the beam-beam tune shift. In 
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each interaction region, there is a part with a common vacuum chamber for the two beams 
where several bunches of the two counter-rotating beams "see" each other. This long range 
beam-beam effect [3] increases when the interbunch spacing decreases. Limits are also given 
by the data handling capabilities of the Physics experiments. Since the SPS operates with an 
RF frequency of 200 MHz, the interbunch spacing in the LHC must be a multiple of 5 ns. 
The minimum interbunch spacing could be 15 ns, while operation at 30 ns or 45 ns could be 
provided with minor additions to the R.F. accelerating system of the PS injector. 

In order to keep the long range beam-beam effect witihin tolerable limits, the beam 
crossing angle, a has to be increased at high luminosity. This in turn reduces the luminosity 
according to: 

L( a ) = L( a =0 )/{l+( ao L /2Cy T ) 2 }°-5 (3) 

where CTL, OJ are respectively the r.m.s longitudinal and transverse beam sizes. 

3.2. Synchrotron radiation 

Protons of app. 8 TeV in the LHC emit synchrotron radiation with a critical photon 
energy of 69 eV. Each beam with an intensity of 4.8* 10^4 p radiates 9 kW. The synchrotron 
radiation is absorbed by a radiation shield cooled at 4.2 K. Remembering that to extract 1 W at 
4.2 K, about 300 W are needed at room temperature, the synchrotron radiation power, Psyno 
appears as an important limiting factor in the cost of high luminosity colliders. It is interesting 
to note that P Sync °f m e LHC at very high luminosity is the same as the one of the SSC at 
1 0 3 3 c m - 2 s " 1 . 

3.3. Beam loss 

An other limiting factor for high luminosity colliders are beam losses. If protons hit the 
vacuum chamber of a superconducting magnet, radiated energy is deposited in the coils and can 
induce a quench. Several processes contribute to systematic losses. While the 2.5 kW of 
inelastic secondary particles produced in each collision region is more a problem for the 
detector than for the machine itself, the remaining 2.5 kW of elastic particles per beam 
produced with small scattering angles in the three collision regions participate in a blow-up of 
the beam emittance and hence potentially to beam losses [4], Other effects like long range 
beam-beam effects, non-linearities in the magnetic field, ripple on power supplies also 
contribute to beam losses. In any accelerator, there are always a few limiting apertures, where 
some magnets could receive much more radiation than others. Simulations have shown that at 8 
TeV a continuous loss of ~ 10^ p / s can quench a dipole. Therefore a beam cleaning region 
without superconducting magnets should be designed with a catching efficiency better than 
99 %. 

4 . ELECTRON-PROTON PERFORMANCES 

An attractive option is the possibility to collide the 8 TeV LHC beam with the LEP 
electron beam. In the most promising configuration, the electron beam is deviated upwards and 
collides head-on with the proton beam located about 1 m above the LEP median plane. 

Adequate RF power is available from the LEP RF system to compensate the synchrotron 
radiation losses for an average circulating current of 8.4 mA at 100 GeV. It is assumed that the 
current scales like E~4 at lower electron energies and that it is distributed over a number of 
bunches such that the proton beam-beam limit is not exceeded. This is possible up to a 
maximum of 540 bunches where the bunch spacing becomes 49.5 m. This is the smallest 
bunch spacing which is simultaneously a multiple of the LEP and SPS RF wavelengths. 
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The vertical betatron function at the interaction point for electrons P y e is adjusted to the 
lowest possible value compatible with the required opening angle of the forward detector 
namely pye = ° 1 5 m - S i n c e t h e n u m b e r o f bunches in the LHC is much smaller than in the pp 
mode, the proton injectors are capable of delivering intensities up to 3*10^ * protons per bunch 
while keeping the same transverse emittance of 3.8 it 10~6 rad.m. Other parameters of the 
electron and proton beams are adjusted so that the beam-beam tune shifts for the protons do not 
exceed £ p = 0.006 with one interaction region, and that the beam-beam tune shifts for the 
electrons do not exceed the LEP design value scaled to three interaction regions, which yields 
Ç e = 0.05. With the assumptions and the optimization procedures described above, the 
luminosity obtained in ep collisions strongly depends on the energy of the electron beam, as 
can be seen in Fig. 1. 
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Fig. 1 : Luminosity for ep collisions (p beam energy app. 8 l ev ; 
5. ION-ION PERFORMANCES 

Any beam of fully stripped ions which can be produced by the low energy injectors 
(Linac, Booster, CPS) can be accelerated in the SPS and in the LHC. 

With the oxygen and sulphur ion beams which have already been accelerated in the SPS 
one could produce a luminosity of respectively 2*10 2 6 cr r r 2 s"1 and 3*10 2 5 c n r V 1 . 
Using the lead ion source which is now under consideration for use in the SPS fixed target 
programme, one would obtain a luminosity of lO^cm" 2

 s - l . 

Fundamental limitations in the LHC arise at beam crossings from electromagnetic 
dissociation and pair production followed by electron capture, as well as intra-beam scattering. 

All these effects would limit the luminosity to around 1 0 2 8 cm" 2 s" 1 for lead-lead 
collisions. However, to reach this luminosity, beam currents 30 times higher than those 
produced by the lead source presently envisaged would be necessary. This could be obtained 
by an improvement of the source or through an accumulation system at low energy, or by a 
combination of both, as discussed in Reference[5]. 

For a luminosity of 1 0 2 7 cm ' 2 s"1, an increase of the lead beam currents by only a factor 
10 would be sufficient. Table 2 gives a list of parameters describing this case. 

1 1 1 1 I I 1 1 

Constant 
Electron current -

l.OkW/cavity Electron ^ 

'•-

3O0W/cavity current 
scaled vrith E 4 

N. 

i i i i 1 > > i t i i i i 1 i i 

76 



Table 2 : Typical LHC performance as an ion-ion collider 

Type of ions Pb 
Max. cm. energy (Vs) for Pb-Pb 1262 TeV 
Luminosity 1.8 x 1 0 2 7 c n r V 1 

Number of I.R. 1 
b* at interaction point 0.5 m 
Free space at I.R. 32 m 
Number of bunches 800 
Inter-bunch distance 105 ns 
No. of ions/bunch 6.2 x 10 7 

No. of ions/beam 5.0 x l O 1 0 

Transverse emittance ycP-lb 1.0 \im 
Transverse emittance growth times 

• at injection 10 hours 
• at max. energy 15 hours 

Luminosity half-life 11 hours 

5.1. Lat t ice 

Due to the size of the LEP tunnel cross section, installing two separate cryostats, one for 
each p beam, is not possible. The only way is to combine the two beams into the same magnet 
and the same cryostat. The superconducting coils providing equal but opposite magnetic fields 
have a common iron yoke and force-retaining structure (Fig 3), the whole being housed in one 
cryostat. This "two-in-one" solution allows the highest possible field in the restricted space 
above LEP, and has not only the advantage of compactness but also of lower cost (~ 30%), 
compared with that of two independent rings with separate cryostats. 

LHC being in the same tunnel as LEP will also have 8 arcs and 8 long straight 
sections. The two proton beams, horizontally separated by 180 mm in the arcs, alternate from 
the outside to the inside in the middle of each of the 8 long straight sections, where in principle 
they could interact. 

The evolution in High Energy Physics can lead some existing LEP experiments to 
be converted into an ep or pp experiment using LHC. In the early stage of the LHC project, it is 
then mandatory to maintain the maximum of flexibility among the 8 intersection regions, IR. 
The lattice has then been adjusted in such a way that identical performances can be reached in 
each IR. To reduce the beam-beam effect, the beams are vertically separated in the crossing 
regions when the beams are not colliding. 

P [m] D*.dlpol* mognats. Q:quodnjpo<—. QT+0:comblnad tuning quodrupot* and octupot* oerractor B0U:twam obsarvaUon monitor. 

_ S+0+COO:comb>n«d Mxtupota. dacapoJ* and dlpol* ootTwtor, S+0+D-.comblnad Mxtupol», ortupol» and dacopoto corrector -

Fig. 2. Layout of the standard half-cell 
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The LHC lattice of FODO type is constituted by : 

- 8 arcs, each of them containing 50 half cells. 
One half of a regular cell (Fig 2) consists of four , ~ 9 m long, dipoles (D), a focusing (or 
defocusing) main quadrupole (Q). Near each main quadrupole and for each ring stand a 
beam observation station (BOM), a tuning quadrupole (QT), a vertical or horizontal dipole to 
correct the closed orbit (COD), a set of multipolar correctors sextupole (S), octupole (O), 
decapole (D). Lumped correctors (S+O+D) are also foreseen in the middle of the half-cell. 
All these magnets are superconducting. 

- 8 insertions, each of them containing one long straight section and two dispersion 
suppressors of a type that allows trajectories of identical length for the hadrons in LHC and 
for the leptons in LEP. Two IRs are reserved, one for the beam dumping system, the other 
as a beam cleaning region. 

Initially up to three IRs can be devoted to Physics experiments. The 'standard' IR can be 
tuned between 0.5 m < P < 15 m, namely in a range between 1 (max. luminosity 1.7 x 10^4 
cirrus -1) and 30 (min. luminosity 5.5 x 10^2 cirrus'1),with a length available for the detector 
of + 16 m and a bunch spacing of 15 ns. 

If a specific experiment operating alone can accept a bunch spacing of 45 ns, its 
maximum luminosity can reach 5*10^4 cnr^s"! • 

6. MAGNETS 

As far as superconducting magnets are concerned, the LHC enters now in an era of 
building prototypes in close collaboration with European industry. Results of single aperture 
NbTi and Nb3Sn dipole models were reported in an other Conference [6]. Four NbTi and one 
Nb3Sn twin aperture, lm long dipoles are being built by four different European firms and 
will be delivered at CERN by end of this year. The first NbTi twin aperture, 10 m long dipole, 
built with HERA coils (Fig. 4) has been assembled and has been mounted into its cryostat this 
summer. It will be cooled at 1.8 K and tested at Saclay (F). Two NbTi twin aperture, 10 m 
long dipole, built with die LHC cables have been ordered by the INFN (I), eight others are 
being ordered by CERN. Prototypes of the main quadrupole, of tuning quadrupole, of dipole, 
sextupole and octupole correctors are also under development. The quantities of magnets to be 
produced are indicated in Table 3. 

Table 3 : List of Magnets 

Magnetic Number of 
Length (m) magnets 

Dipoles B o = 10T 9.00 2 x 1792 
Quadrupoles G =250T/m 3.05 2x642 
Tun. quads, G =120T/m 0.72 2x400 
Sextupoles B" = 4500T/m2 1.0 2x800 
Orbit corr. 

dipoles B 0 = 1.5T 1.0 2x552 
Higher-order 
multipoles 2x 1600 

A more detailed review of the LHC magnets is given in Reference[7]. 
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Fig. 3 : LHC dipole standard cross-section 

Fig. 4. 10 m long dipole 

7. CRYOGENICS (FOR NbTi) 

The main task of the cryogenic system is to maintain all windings at a temperature below 
2 K in steady operation, as well as to cope with slow and fast thermal transients such as 
cooldown, current ramping and discharge, and resistive transition of the magnets. 

In steady operation, the heat sources are those inherent to the cryostat design : in-leak 
across shields, resistive joints between cables, feedthroughs for signal or heater cables; they are 
estimated to 0.3 W/ metre of dipole cryostat. Another important source is due to the beam : the 
synchrotron radiation (critical energy < 69 eV) is fully absorbed by the inner radiation shield at 
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about 5 K inside the vacuum chamber; an accidental beam loss can produce a quench if the heat 
deposit in the dipole exceeds 25 W over 50 m. It is assumed that there is only one such high 
heat load per half octant. 

A cooling scheme based on forced circulation of superfluid helium is being considered. It 
appears adequate to absorb transient and localized heat loads. A pump circulates a flow of 
superfluid helium in a closed loop extending over one half-octant, recooled by heat exchange in 
a periodic sequence of cooling stations in the machine tunnel. 

8. RADIO-FREQUENCY 

The basic option of the RF for LHC consist in two independent RF systems, one for 
each beam. The RF frequency (400.8 MHz) is twice the SPS frequency, to allow single 
transfer of one SPS turn. The shape of the cavities is such as to keep the 18 cm distance 
between the two beams. Symmetrical cavities are chosen to avoid transverse magnetic fields. 
An alternative is to use single-bore cavities acting on both beams and installed around an 
unused interaction point. Bunch to bunch feedbacks (Bandwidth > 40 MHz) are absolutely 
necessary in the transverse and longitudinal planes. 

To cope with single bunch collective effects at high luminosity (N=1*10H p / bunch ), 
the bucket area must be large enough. A RF voltage of 18 MV corresponding to a 9.25 eV.s 
bucket area is considered adequate. 

For a hadron collider (<ï>s ~ 0), the RF power is mainly needed to handle the heavy 
transient beam loading created by the uneven beam structure, mainly due to beam holes 
required by the injection (~1 .̂s) and dump kickers (~ 2 (is). 

Only a small fraction (850 kW) of the total installed power (8 MW) is dissipated in the 
cavity walls. 

Each 1 MW power generator drives a multi-cell n mode coupled cavity; this is a 
favourable arrangement to implement RF feedback needed to handle beam loading. 

The PS should be equipped with a 66.8 MHz RF system to bunch the beam at 26 GeV/c 
flat top with a 15 ns interbunch spacing. The 8 ns bunch length are captured and subsequently 
compressed to 4 ns with another 66.8 MHz system in the SPS. 

With an additional RF system in the PS at 33.4 MHz, one can inject one bunch in every 
two 66.8 MHz buckets of the SPS, giving an interbunch spacing of 30 ns 

9 . CONVENTIONAL FACILITIES AND INJECTOR COMPLEX 

The great advantage of building the LHC in the LEP tunnel is not only the existence of 
the tunnel but also of all other conventional facilities such as : access shafts, handling 
equipments, electrical distribution, ventilation, telecommunication and computer networks. 

The cooling plants being installed in the even insertions to increase the LEP energy above 
90 GeV are compatible with a future e-p operation at an electron energy of 50 GeV and 
represent 50 % of the cooling power needed for the LHC pp operation. 

The existing accelerator complex namely the 50 MeV linac, the 1 GeV Booster, the 26 
GeV Proton Synchrotron and the 450 GeV Super Proton Synchrotron, which have operated for 
many years with world record performance both for beam output and reliability, constitute an 
excellent injection complex for the LHC (Fig. 5). 
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Indeed the present beam characteristics of these injectors with minor additions would 
enable the LHC to reach an ultimate luminosity of 5*10^4 cm^ s~* for proton-proton 
collisions. The same existing complex, with the inclusion of, respectively, the 
electron/positron linacs and accumulation ring for the electrons, and of the new front-end for 
lead ions can provide die other particles for electron-proton and ion-ion collisions. It is 
appropriate to emphasize that this chain of interlinked machines represents not only a major 
financial asset, but also integrates decades of human efforts to push its overall performance to 
the present level of excellency. This is why CERN can be confident that the performance levels 
discussed for the LHC will be rapidly achieved. 

Proton ion 
linacs 

Fig. 5. Injector complex 

10. EXPERIMENTAL AREAS 

This design has not yet been finalized, since it depends on the experiments which are 
being considered. 

It appears that a conceptual design of the standard LEP area, namely a cavern transverse 
to the beam of somewhat larger diameter, serving also as a garage, could be appropriate. 

Another design being considered includes a cavern parallel to the beam, served by two 
large shafts at both ends for quick installation of large segments of the experiment (2500 tons 
each). 

11. TIME-SCALE 

CERN has undertaken a vigorous R&D programme for developing and actually testing 
on a real scale the advanced superconducting technology on which the LHC is based. 

The programme is centred on the fabrication in industry of several full scale 
superconducting magnets by mid-1992 and finally aims to install in a hall and to fully test 
(magnetically and cryogenically) approximately 100 m of the complete magnet structure under 
realistic operating conditions. 
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If the final executive decision to proceed with the project is taken at that time, the 
installation of the LHC collider could be completed by 1997 and its commissioning could start 
at the beginning of 1998. 

The LEP energy upgrade by means of RF superconducting cavities will be completed at 
the beginning of 1994, allowing LEP to be operated at or above the W-pair threshold for three 
years prior to the shutdown for the installation of the LHC in 1997. 

In the years after 1997, when the two colliders coexist in the LEP tunnel, alternate 
periods of running will be scheduled on a half or full year alternate operation basis. 

12. COLLABORATION WITH EUROPEAN INSTITUTES AND INDUSTRIES 

The R&D programme for the development of the LHC magnets and cryogenics is based 
on the best use to be made of the expertise existing outside CERN in the Member States, in 
order to avoid carrying out in the laboratory work which could be done elsewhere. National 
Institutes, Universities and Industry were invited to join forces with CERN in a complementary 
fashion in order to fulfil the basic aims of the programme 

To date, a number of collaborations have been established and have produced very 
encouraging results. 

Progress so far is a good example of how well Europe can proceed by joining all the 
available effort and expertise in a common programme and of how an advanced project in 
particle physics can stimulate technological development 
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FIELD THEORY 
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Contents 
1. The action 
2. Feynman rules 
3. Photons 
4. Annihilation of spinless particles by electromagnetic interaction 
5. Gauge theory of Z7(l) 
6. Current conservation 
7. Conserved charges 
8. Nonabelian gauge fields 
9. Gauge invariant Lagrangians for spin-0 and spin-1- fields 

10. The gauge field Lagrangian 
11. Spontaneously broken symmetry 
12. The Brout-Englert-Higgs mechanism 
13. Massive 5(7(2) gauge fields 
14. The prototype model for SU(2) ® U(l) electroweak interactions 

The purpose of these lectures is to give a practical introduction to field theory, in particular 
gauge theory, and the use of Feynman diagrams. Of course, it is really not possible to give you a 
self-contained and thorough treatment of these topics in just five lectures, but the hope is that, 
also with the help of the discussion sessions, you will get acquainted with the basic principles 
and ideas of gauge fields and acquire some experience in Feynman diagram calculations. The 
latter will be put to a test in the lectures later on in this school. 

As you can see from the above table of contents, we will start with generic field theories 
and discuss the rules needed for the calculation of Feynman diagrams. After some applications 
we proceed to introduce simple abelian gauge theories and explain their properties. Then we 
consider the nonabelian version of these theories and discuss the ingredients that are necessary 
for the standard model. 
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1. The action 

Field theories are usually defined in terms of a Lagrangian, or an action. The action, which has 
the dimension of Planck's constant h, and the Lagrangian are well-known concepts in classical 
mechanics. For instance, for a point-particle subject to a conservative force 

F - d v { r ) nn 

F---Tr, (1.1) 

the Lagrangian is defined as the difference of the kinetic and the potential energy, 

I ( r , r ) = i m r J - V ( r ) . (1.2) 

Consider now some particle trajectory r(t), which does not necessarily satisfy the equation of 
motion, with fixed endpoints given by 

ri = r(h), r 2 = r(* 2). (1.3) 

The action corresponding to this trajectory is then defined as 

S[r(«)]= [hdtL{r(t),r(t)). (1.4) 

For each trajectory satisfying the boundary conditions (1.3) the action defines a number. Ac
cording to Hamilton's principle, the extremum of (1.4) (usually a minimum) is acquired for those 
trajectories that satisfy the equation of motion, 

T U T - ^ - . (1.5) 

This is precisely Newton's law. 
Let us now generalize to a field theory. The system is now described in terms of fields, say, 

4>(x), which are functions of the four-vector of space-time, 

x" = (x 0 , x ) , (1.6) 

where io = ct and c is the velocity of light (henceforth, we will use units such that c = 1). 
Fields such as <j> may be used to describe the degrees of freedom of certain physical systems. For 
instance, they could describe the local displacement in a continuous medium like a violin string 
or the surface of a drum, or some force field such as an electric or a magnetic field. 

Again one can define the action, which can now be written as the integral over space-time 
of the Lagrangian density (which is also commonly referred to as the Lagrangian), 

S[4>{x)] = y " d 4 x £ ( ^ ( x ) , ^ ( x ) ) , (1.7) 

where the values of the fields at the boundary of the integration domain are fixed just as we did 
for the particle trajectory in (1.3). As indicated in (1.7), the Lagrangian is usually a function 
of the fields and their first-order derivatives. The action thus assigns a number to every field 
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configuration, and it is again possible to invoke Hamilton's principle and verify that the action 

has an extremum for fields that satisfy the classical equations of motion. 

Let us now discuss a few examples of field theories that one encounters in particle physics. 

The simplest theory is that of a single scalar field 4>{x). This field is called a scalar field because it 

transforms trivially under Lorentz transformations: 4>'{x') = 4>(x), where x' and x are related by 

a Lorentz transformation. It can be used to describe spinless particles. A standard Lagrangian 

is 

£ = - i ( ^ ) 2 - | m 2 ^ - A ^ - < , ^ , (1.8) 

where 

<M'-(£)*-(£)*. 
The quadratic part of (1.8) is called the Klein-Gordon Lagrangian, and the corresponding field 

equation the Klein-Gordon equation. Equation (1.9) shows that the time-derivatives appear 

with positive sign in the Lagrangian, just as in (1.2). Observe that we have introduced the 

Lorentz-invariant inner product of two four-vectors, defined by 

x -y = x^y" = x^y^ = x - y - i o î f o - (1.10) 

where four-vector indices are lowered (raised) with a metric 77^ ( J7 M ") , with /x,i/ = 0,1,2,3, 

which is a diagonal matrix with eigenvalues ( - , + , + , + ) - In the literature also a metric with 

opposite sign is used. Alternatively, we may use indices fi,v — 1,2,3,4 and define 14 = XXQ. In 

that case there is no difference between upper and lower indices and we do not need a metric in 

order to contract four-vectors. This convention is convenient when dealing with gamma matrices, 

to be introduced shortly. 

Later we will consider the fields in the momentum representation, defined by the Fourier 

transform 

<f>(x) = fd*keik"<l>(k). (1.11) 

The inverse of this relation is 

4>(k) = ( 2 JT) - 4 / d 4 i e-ik-x<f>(x). (1.12) 

For real fields, as in (1.8), the fields in the momentum representation satisfy the condition 

<£*(fc) = <£(-*). (1.13) 

For complex fields there is no such condition. Complex fields are convenient if the theory is 

invariant under phase transformations. For instance, the Lagrangian 

£ = - M 2 - ™ 2 M 2 - $ M 4 (1-14) 

is invariant under 

4>-><!>' = e * 4 , (1.15) 

with £ an arbitrary parameter. Of course, it is only a matter of convenience to use complex 

fields. One always has the option to decompose a complex field into its real and its imaginary 
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part, and to write the Lagrangian (1.14) in terms of two real fields. The invariance (1.15) then 
takes the form of a rotation between these two real fields. Observe the normalization factors in 
(1.14) which differ from those in (1.8). 

In principle, it is only a small step to consider Lagrangians for fields that transform nontriv-
ially under the Lorentz group. For instance, one has spinor fields (which transform as spinors 
under the Lorentz transformation), which describe the fermions. In spite of the fact that they 
are extremely important, we will largely ignore the spinor fields due to lack of time. However, 
in the tutorial sessions we will discuss several applications with fermions. Here we give a typical 
Lagrangian for spin-j fermions interacting with a scalar and a pseudoscalar field, <f>s and <j>p, 
respectively, 

£ = - ^ ^ - m ^ V + G , ^ V + *<?p^P07sV', (1-16) 

Such couplings of the (pseudo)scalar fields to fermions are called Yukawa couplings. The 
quadratic terms in (1.16) constitute the Dirac Lagrangian. The corresponding field equation 
is the Dirac equation. The spinor fields have 4 independent components.* An important ingre
dient are the Dirac gamma matrices 7^, which are 4 x 4 matrices satisfying the anticommutation 
relations 

7 ' V + 7 V X = 27?<"'1. (/!,!/ = 0,1,2,3) (1.17) 

We should caution you that that exist many different conventions for gamma matrices and 
spinors in the literature. Adopting (1.17) as a starting point, it is convenient to define 7* = 17°, 
so that all gamma matrices can be chosen hermitean, 

( 7 ^ = 7". (M = 1,2,3,4) (1.18) 

In this notation there is no difference between upper and lower four-vector indices. The conjugate 
spinor field ip is then defined by 

^ = 0 * 7 4 , or, in components, V'a = V'J (74)00- (1-19) 

Another Lagrangian which is relevant is based on rector fields (i.e., fields that transform as 
vectors under Lorentz transformations). For the description of massive spin-1 particles one uses 
the Proca Lagrangian, 

£ = -\{W„ -dvVtf - iM2 v?. (1.20) 

Modulo a total divergence, which we can drop because it contributes only a boundary term to 
the action (this follows from applying Gauss' law), this Lagrangian can be written as 

c = -WM2 + H ^ " ) a - \M2 V- (i-2i) 

The first and the last term in (1.21) are obvious generalization of the first two terms of (1.8). The 
second term is required, with precisely the coefficient j , in order that the Lagrangian describes 

* The fact that in a four-dimensional space-time, spinors have also four components, should 
be regarded as a coincidence. In a d-dimensional space-time spinors have in general 2' d/ 2l 
components. 
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pure spin-1 particles, and no additional spinless particles. From a simple counting argument one 
can already see that some care is required here. Massive particles with spin s have in general 
25 + 1 independent polarizations. So a Lagrangian for spin-1 particles should give rise to 3 
independent polarization states, whereas the field Vu on which the Proca Lagrangian is based 
has 4 independent components. It is this discrepancy which forces us to include the second term 
in (1.21). We have implicitly assumed that V^ is a real field, i.e. V* — VM, but it is perfectly 
possible to extend (1.20-21) to complex fields, analogous to what we did previously for scalar 
fields. 

The M —* 0 limit of (1.20) describes massless spin-1 particles such as photons, and will 
play an important role in these lectures. The Lagrangian is called the Maxwell Lagrangian, and 
reads 

£ = -\(d»Au-duAlif 

= -\{dllAi,f + \{dliA»f, (1.22) 

where we have again suppressed a total divergence in the second line. Massless partices with 
spin have precisely 2 independent polarizations, irrespective of the value of the spin. We will 
discuss this in section 3. An important ingredient in the proof of this is the invariance of (1.22) 
under so-called gauge transformations, 

A^x) - A'^x) = A Ax) + d M f (s) , (1.23) 

where £(x) is an arbitrary function of x. 
In relativistic quantum field theory it is convenient to use units such that the velocity of 

light in vacuum and Planck's constant are dimensionless and equal to unity: c = h = 1. With 
this convention there is only one dimensional unit; for example, one may choose length, in which 
case mass parameters have dimension [length]~l, or mass can be adopted as the basic unit 
so that length and time have dimension [mass ] - 1 . The action is then dimensionless, so that 
Lagrangians have dimension [mass] 4 . It is then easy to see that scalar and vector fields have 
dimension [mass], whereas spinor fields have dimension [mass]3/2. Observe that all parameters 
that we have introduced in the above Lagrangians have positive mass dimension. This fact is 
important for the quantum mechanical properties of these theories. If quantum field theories 
have parameters with negative mass dimension, then the theory is not renormalizable. Usually 
this implies that the theory does not lead to sensible predictions. An example of such a theory 
is Einstein's theory of gravitation, general relativity, which is very succesful as a classical field 
theory, but cannot be quantized consistently. 

Let us end this section by defining the field equations corresponding to a given Lagrangian. 
As we have already mentioned above, Hamilton's principle implies that the field configurations 
for which the action has an extremum, must satisfy the equations of motion. These field equa
tions are the so-called Euler-Lagrange equations. For a general Lagrangian £ , defined in terms 
of fields 4> and first-order derivatives of fields d^4> only, these equations read 
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Problem 1: 
Verify that the field equations corresponding to the Lagrangians (1.8), (1.14), (1.16) and (1.20-
21) are given by 

(d2-Tn2)<f> = 3\<t>2 + 4g<f>3, (1.25) 

(d2-m2)4> = 2g\4>\24>, (1.26a) 

(d2 - m2)4>' = 2g \<j>\7<f>", (1.266) 

(p + m)xl> = Ga<fisrl> + iGp<f>p7si>, (l-27a) 

^ ( 0 + m ) =Gs4>,^^riGpct>a^i^ (1.276) 

d"(duVv - 0„VM) + M2V» = 0, (1.28) 

where d2 = d^d^. 

Problem 2: 
Add an extra source term J M A^ to the Lagrangian (1.22) and show that the corresponding field 
equations coincide with the inhomogeneous Maxwell equations (in the relativistic formulation) 

dvF"v = J M , (1.29) 

where the electromagnetic fields F^,v are defined by F^v = d^A» - d^A^. 

Problem 3: 
Consider plane wave solutions, i.e., solutions proportional to exp(ifc-x), for the free field equations 
found in problem 1. Find the conditions for the momentum k^. Verify that the Proca Lagrangian 
gives rise to only three independent polarizations. 

2. Feynman rules 

In the previous section we have presented field theories in terms of an action or a Lagrangian. 
Such theories can be studied as classical field theories, and this is often done in perturbation 
theory. Ultimately we are interested in the quantum mechanical scattering amplitudes for el
ementary particles. Those amplitudes can also be evaluated in perturbation theory, for which 
there exists a convenient graphical representation in terms of so-called Feynman diagrams. Some 
of these Feynman diagrams will correspond to the same contributions that one would find for a 
classical field theory. Such diagrams have the structure of tree diagrams. This in contradistinc
tion with diagrams that contain closed loops. Their contributions do not follow from classical 
field theory, but can only be understood within the context of quantum field theory. 

In these lectures there will be no time to give a detailed derivation of the Feynman dia
grams. We shall just define the Feynman rules, which tell you how to evaluate the complicated 
mathematical expressions corresponding to a Feynman diagram. We refer to the literature for 
explicit derivations. The rules are presented in a number of steps: 

• The theory. Begin with a field theory defined in terms of an action, which is expressed as an 
integral over space-time of a Lagrangian. 
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Fig. 1. Propagator line 

• Propagators: Calculate the propagators of the theory, which follow from the terms in the action 

that are quadratic in the fields. The quadratic terms define a matrix in momentum space which 

is diagonal in the momentum variables. Suppose we take the Lagrangian (1.8) as an example. 

The action is 

5 = UAxC 

= Jd4x [ - | ( d^ ) 2 - \m2<f + 0(4>3)] (2.1) 

Now express the action in terms of the Fourier transforms of the fields The terms quadratic in 

the fields are then equal to 

S = -l(2w)4 fà4k 4>'(k)[k2 + m2]4>(k), (2.2) 

where we have made use of the fact that we are dealing with real fields (i.e. 4>"(k) = </>(—k)). 

Hence the elements of the diagonal matrix are just equal to — | (2x) 4 [ / : 2 + m 2 ] . For real fields 

the propagator is defined as a factor j i times the inverse of this matrix. For the case at hand 

we thus find 

A ( f e ) = iply ib» + m» - is • ( 2 ' 3 ) 

Its graphical representation is a line, with an arrow indicating the momentum flow, while the 

endpoints refer to two space-time points (see Fig. 1). The ie-term defines how to deal with the 

pole at k2 = —m2; the limit e [ 0 should only be taken at the end of the calculations. This 

prescription for dealing with the propagator poles is crucial for the causality and the unitarity 

(i.e. probability conservation) of the resulting theory. 

We have already pointed out that the normalization factors are different for complex fields. 

In that case the kinetic terms in the action are 

S = / d 4 i £ 

= jd4x [- | drf | 2 - m 2 | 4> \2 + 0 ( | <f> | 4 ) ] , (2.4) 

which, in terms of the Fourier transforms of the fields, leads to (we no longer have 4>"(-k) = 

S = - ( 2TT) 4 / d 4 * 4>'{k)[k2 + m2]<£(£). (2.5) 

The propagator is now defined by the inverse of -(2îr) 4[fc 2 + m 2 ] multiplied by a factor i. This 

leads to the same diagram as for real fields, but now the arrow also indicates that the propagator 
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1 1 

i(2?r) 4 Jfc2 + m 2 - is 

z-(27r) 4<5 4(Jt 1+Jt 2 + Jfc3)(-A) 

X(2TT)4 6 4(*! + fc2 + * 3 + fc4) (-<?) 

Table 1. Feynman rules for the Lagrangian (1.8) 

is oriented in the sense that the endpoints of the propagator lines refer to independent fields, 
namely 4> and <6*; the standard convention is that incoming arrows refer to 4>, and outgoing ones 
to 4>'. Of course, complex fields can always be regarded as a linear combination of two real 
fields, and by decomposing 4> = \\f2{4>\ + ifa) one makes contact with the description given for 
real fields. 

• Vertices: The next step is to define the vertices of the graphs. We associate a vertex with 
n lines with every term in the Lagrangian that contains n field. A Lagrangian with a <£3-term 
thus yields a vertex with three lines. Translational invariance ensures that the Fourier transform 
yields a delta-function in momentum space, thus guaranteeing energy-momentum conservation. 
Each vertex therefore has the structure 

vertex = i{2ir)A6*(^-kj) x (coefficient of <pn in the Lagrangian), (2-6) 

where our conventions are such that the kj denote incoming momenta associated with each of 
the fields. For example, the Feynman rules for the theory described by the Lagrangian (1.8) are 
summarized in Table 1. 

If the vertices in the Lagrangian contain derivatives then each differentiation of the fields 
contributes a factor ikj to the vertex where kj is the incoming momentum of the j th line. These 
momentum factors are part of the coefficient indicated in the generic definition (2.6). Thus 
the terms g<j>z and g^d^)2 both correspond to three-point vertices, but yield different factors: 
i(2w)<g64(ki + k2 + ^3) and i(2ir)4g(—k2 • k3)6A(ki + k2 + £3), respectively. In the latter case, 
choosing the second and the third momentum as those corresponding to the differentiated fields, 
is arbitrary. A complete calculation must also include other possible line attachments, so that 
also factors (—ki- k$) and (-ki- k2) will contribute. The way in which these contributions must 
be summed will be discussed next, but it is rather obvious in this case that the total contribution 
of the second interaction becomes proportional to (k\-k2 + £2-^3 + ^3-^1). 

In the Feynman diagrams for complex fields the lines at the vertices carry an orientation; 
recall that fields correspond to lines with incoming arrows and their complex conjugates to lines 
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with outgoing arrows. A formulation in terms of complex rather than real fields is useful if the 
theory is invariant under phase transformations, i.e. 

<t>-*4>' = eia4>. 

In that case every interaction must contain an equal number of fields <j> and their complex 
conjugates <f>", so that each vertex has an equal number of incoming and outgoing lines. The 
lines coming from the vertices can now only be joined if their orientational arrows match (the 
orientation often corresponds to the flow of electric charge; obviously, charge will be conserved 
if the number of incoming and outgoing arrows is the same at each vertex). 

• Diagrams: One now joins all the lines emanating from the vertices via propagators in order to 
form the various diagrams. The momentum flow through the various lines is determined by the 
momentum-conserving ^-functions at the vertices, and for real fields one may readjust the arrows 
in order to reflect this fact. If the arrow denotes more than just the momentum assignment of 
the line, but also the orientation (e.g. charge flow) then the lines cannot always be joined, and 
the number of possible diagrams will be reduced. 

• Summing and combinatorics: Finally one sums over all possible diagrams with the same 
configuration of external lines. In order to do so one must determine the combinatorial weight 
factor associated with each of the diagrams. In principle this weight factor counts the number of 
ways in which a diagram can be formed by connecting vertices to propagators and external lines, 
but diagrams that only differ in the position of the vertices are counted as identical (because we 
ultimately integrate over all vertex positions in space-time). 

There is only one exception to the above counting argument. If identical vertices occur 
in an indistinguishable way, i.e. not distinguished by their attachments to external lines, then 
one must avoid overcounting by dividing by n!, where n is the number of such indistinguishable 
vertices. 

These rules also apply to diagrams with closed loops. However, in this case not all the 
momenta of the internal lines are fixed by momentum conservation, and one is left with one or 
more unrestricted momenta over which one should integrate. Likewise, we must also sum over 
all types of internal lines that are possible. Therefore, we have to sum over all components of 
vector and spinor fields that are possible. 

From these rules it is in principle straightforward to write down Feynman diagrams and 
their corresponding mathematical expressions. To get acquainted with their use, I recommend 
that you start from a simple Lagrangian, such as (1.8), and calculate some diagrams. The 
following problems contain a few suggestions. 

Problem 4: 

Consider the tree diagrams with four external lines that follow from the Lagrangian (1.8), and 
calculate the corresponding expressions. There are four Feynman diagrams, each giving rise to 
a characteristic dependence on the momenta associated with the external lines. 
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Problem 5: 
Determine the three possible one-loop diagrams following from the Lagrangian (1.8) with two 
external lines. Write down the corresponding expressions and verify whether the momentum 
integrals are well defined. 

3. Pho tons 

We would now like to derive the Feynman rules for theories that involve rnasless spin-1 fields. In 
this section we refer to the particles described by these fields as photons. As it turns out there 
are a number of technical complications for theories with photons. Let us start by recalling the 
Lagrangian for massless spin-1 fields, 

£ = -\(dflAl/-d,Ati)2, (3.1) 

which is invariant under local gauge transformations 

A^x) — ^ ( a r ) + d^{x). (3.2) 

This transformation is familiar from Maxwell's theory of electromagnetism where the vector 
potential is subject to the same transformations. The electromagnetic field strength is then 
equal to 

F^ = dpA» - dvA» (3.3) 

The main consequence of an invariance under local gauge transformations is that the theory 
depends on a smaller number of fields. Correspondingly the number of plane wave solutions is 
also reduced in comparison to the massive case. To see this explicitly consider the field equation 
following from (3.1), 

dv{dvAp - d^Av) = 0. (3.4) 

In order to examine plane wave solutions of this equation we take the Fourier transform of A^x) 

A„(*) = (2TT)- 4 I dAx A^x) e~ik-x. (3.5) 

Under gauge transformations A^(k) changes by a vector proportional to k„ 

A^{k) — A'Jik) = A„(k) + t(k) V (3.6) 

The field equation (3.4) now takes the form 

fc2A^(fc) - k^A^k) = 0. (3.7) 

which is manifestly invariant under the transformation (3.6). Decomposing A^k) into four 
independent vectors, £M(k, A),/:^ and fcM, defined by 

ArM£„(k,A) = ffO(k,A) = 0, (A = 1,2) 

*M = (*o,k), fc„ = (-* 0 ,k)> (3.8) 
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we may write 

A„(k) = ax(k) £„(k, A) + b(k) k„ + c(k) ku. (3.9) 

The field equation (3.7) then implies 

k2ax(k) fM(k, A) + 6(Jfc) [fc2JfcM - (k • *)*„] = 0, (3.10) 

from which we infer for the coefficient functions (note that k-k is positive) 

k2ax(k) = 0 and &(*) = 0. (3.11) 

The field equation does not lead to any restriction on c(k). This should not come as a surprise 

because c(k) can be changed arbitrarily by a gauge transformation, whereas the field equation 

is gauge invariant. Consequently the field equation cannot fix the value of c(k). By means 

of a gauge transformation we may adjust c(k) to zero, which shows that c(k) has no physical 

meaning. We thus find that there are only two independent plane wave solutions characterized 

by lightlike momenta (k2 = 0) and transverse polartizations. 

The fact that massless particles have fewer polarization states than massive ones, can also 

be understood as follows. For a massive spin-s particle one can always choose to work in the 

rest frame, where the four momentum of the particle remains unchanged under ordinary spatial 

rotations, so that its spin degrees of freedom transform according to a (23 + l)-dimensional repre

sentation of the rotation group 50(3) . In other words, there are 2s+1 polarization states, which 

transform among themselves under rotations, and which can be distinguished in the standard 

way by specifying the value of the spin projected along a certain axis. However, for massless 

particles it is not possible to go to the rest frame and one is forced to restrict oneself to two-

dimensional rotations around the direction of motion of the particle. These rotations constitute 

the group 50(2) (actually, the group of transformations that leave the particle momentum 

fcM = (w(k),k) invariant is somewhat larger, but the extra (noncompact) symmetries must act 

trivially on the particle states in order to avoid infinite-dimensional representations). The group 

50(2) has only one-dimensional complex representations. For spin s these representations just 

involve the states with spin (i.e. helicity) ±5 in the direction of motion of the particle. Con

sequently massless particles have only two polarization states, irrespective of the value of their 

spin. 

There is a further difficulty when one attempts to calculate Feynman diagrams for massless 

spin-1 particles, which is again related to the invariance under gauge transformations. To show 

this we rewrite (3.1) in the momentum representation, 

5 [Au] = -\(2T)4 jàAk Am

M(k) [ f c V " *"*"] A„(Ar). (3.12) 

According to the general prescription given in section 2, the propagator is proportional to the 

inverse of (k2^^ — k^k,,). In this case, however, the inverse does not exist because this matrix 

has a zero eigenvalue, as we see from 

(* 2 i fc„-*„*„)*" = 0. (3.13) 
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The presence of the zero eigenvalue is a direct consequence of the gauge invariance of the theory. 
Gauge invariance implies that the theory contains fewer degrees of freedom; this fact reflects 
itself in the presence of zero eigenvalues in the quadratic part of the Lagrangian. Indeed, the 
null vector associated with the zero eigenvalue is proportional to fcM, which according to (3.6) 
characterizes gauge transformations in momentum space. Obviously, the degree of freedom that 
is absent in (3.12) should not reappear through the interactions. One can show that this is 
ensured provided that the photon couples to a conserved current. 

The standard way to circumvent the singular propagator problem is to make use of a so-
called gauge condition. A convenient procedure amounts to explicitly introducing the missing 
(gauge) degrees of freedom, which formally spoils the gauge invariance. However, the degrees of 
freedom are introduced only in order to make the propagator well-defined and they will not affect 
the interactions of the theory. Therefore, the effect of this procedure can still be separated from 
the true gauge invariant part of the theory, and the physical consequences remain unchanged. It 
is a rather subtle matter to prove that this is indeed the case. In this section we only present the 
prescription for defining the propagator. To do that one introduces a so-called "gauge-fixing" 
term to the Lagrangian. The most convenient choice is to add (3.1) 

£g.f. = - i ( A 5 ^ ) 2 , (3.14) 

where A is an arbitrary parameter. Because of this term the Fourier transform of the action 
corresponding to the combined Lagrangian becomes 

S[A„] = - | ( 2 T T ) 4 U4k Al(k) [ f c V - *"*" + X2k"k"] A„{k), (3.15) 

so that for A ^ 0 the propagator is equal to 

-SJSFM*--* 1-*-*^)- ( 3 1 6 ) 

Clearly the propagator has more poles at k2 — 0 than there are physical photons (characterized 
by transversal polarizations). However, one must realize that by making the above modification 
we have somewhat obscured the relation between propagator poles and physical particles. In 
order to extract the physical content of the theory one should only consider transversal polar
izations. This requirement forms an essential ingredient of the proof that physical results do not 
depend on the parameter A. 

Using the propagator (3.16) one can now construct Feynman diagrams and correspond
ing scattering and decay amplitudes for photons in the standard fashion. The A-dependent 
k^k ,,-term of the propagator residue vanishes when contracting the invariant amplitude with 
transversal polarization vectors. In order to sum over photon polarizations one may use (for 
orthonormal polarization vectors) 

£ £M(k,AK(k,A)=< 
A=l,2 

k k 
tu» ~ n h r for/z,i/= 1,2,3 

I k I (3.17) 
0 for fi and/or v — 0 
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An alternative form is 

£ e „ (k , A) £ ; ( k , A) = ^ - *»** + * ' '* ' ' , (3.18) 
A=l,2 * ' * 

Obviously (3.17) and (3.18) are not manifestly Lorentz covariant, which is related to the fact 
that the transversality condition k-e(k, A) = 0 is not Lorentz invariant. However, if the photons 
couple to conserved currents, such that the amplitude vanishes when contracted with the photon 
momentum, 

* " M M = 0, (3.19) 

the noncovariant terms in (3.18) may be dropped. Consequently, when summing | A4 M £ M (k, A) | 2 

over the transverse polarizations, one has 

J2 \Mlle't(k,\)\7=M'lMll, (3.19) 
A=l,2 

which is manifestly Lorentz invariant. We will return to this aspect in section 6. 

Problem 6: 
To demonstrate that the gauge-fixing term only introduces an extra degree of freedom into the 
theory that does not interfere with the interactions, consider the Maxwell theory coupled to 
some conserved current. After addition of the gauge-fixing term (3.14), show that d • A satisfies 
the free massless Klein-Gordon equation, so that the effect of the gauge-fixing term decouples 
from the rest of the theory. 

Problem 7: 
To prove the result (3.16) parametrize the propagator as AM„(fc) = A(k) TJ^ + B(k) k^kv, and 
solve the equation 

[fc V - *"*" + \2k»k"] A">(fc) = 6£. (3.20) 

4. Annihilation of spinless particles by electromagnetic interaction 

To get acquainted with the use of Feynman diagrams we will consider the annihilation reaction 

P+ + P--+S+ + S- (4.1) 

mediated by a virtual photon in tree approximation. The particle P± and S± are hypothetical 
pointlike particles with no spin. A more relevant reaction is e+e~ —• {i+fi~, but considering the 
reaction (4.1) enables us to discuss the characteristic features of such a process without having 
to discuss some of the technical complications related to spin- | particles. 

As a first step we consider the coupling of a complex spinless field <f> to photons. This is done 
by performing the so-called minimal substitution d^4> —* d^4> — ieA^ <j> in the free Klein-Gordon 
Lagrangian (cf. (1.14)), where <f> is a complex scalar field and ±e is the electric charge of the 
particle associated with <f>. Combining this with Maxwell's Lagrangian gives 

C = -\F^F^ - |(0M - teA M )* | 2 - m 2 M 2 

= -\F^F^ - d^*d»4> - m24>*4> 

- ieA» Wvft ~ (d^)4>\ ~ e2AlF4>. (4.2) 
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I'(2TT)4 p 2 + m 2 

- If^-Cl-A-2)*"*" 
i(27r)4 P y ' " * ^ ' fc2 

p2 ,L^ p , i(27r) <5 (pi + f c - p 2 ) ( - t e ) ( i p i + i p 2 ) ^ 

i(27r)4 £ 4 ( P l - p 2 + An + k2) ( - e 2 ) i/M„ 

Table 2. Feynman rules for the Lagrangian (4.2) 

An important property of the Lagrangian (4.2) is its invariance under the combined gauge 

transformations 

A^x) -> A M ( i ) + ôM£(x), <£(x) -+ e i e «*)0(x). (4.3) 

This aspect will be extensively discussed in subsequent sections. 

The propagators and vertices implied by (4.2) are shown in Table 2. The arrow on the pion 

line indicates the flow of (positive) charge rather than the momentum. We choose conventions 

such that an outgoing arrow on an external line indicates the emission of a positively charged 

particle absorption of its negatively-charged antiparticle. Combinatorial factors have not been 

included in the expressions for the vertices. 

Assume that the particles P± are associated with the field 4> introduced above. For the 

particle 5 * we introduce a separate field x-> which has the same interactions with the photon 

(and thus the same electric charge) as <f>, but a different mass denoted by M. Observe that \ is 

now subject to the same gauge transformation as <f>. 

Consider now the diagram shown in Fig. 2, which describes the reaction (4.1) in lowest 

order. Observe that p\ and p 2 refer to the momenta of the incoming particles P + and P~, while 

9i and 92 refer to the outgoing particles 5 + and S~, respectively. Extracting an overall factor 

of I'(2TT)4 and a momentum-conserving ^-function, the invariant amplitude is given by 

M-e{qi- nr^—^y [** " (1 " A ) ^—^ J (pi ~ ft),, (4.4) 

where we have set the photon momentum equal to k^ = (px -fp 2 )n = (<7i +Ç2 )»• A first important 

observation is that the gauge-dependent part of the photon propagator vanishes when the pions 

are taken on the mass shell, because (pi + p 2 ) • (Pi - Pi ) = p\ - p\ = 0 and (pi - P2 ) • (pi + P2 ) = 

96 



Fig. 2. Lowest-order Feynman diagram for the reaction (4.1) 

p\ — p\ = 0. This confirms that the physical consequences of the theory have not been affected 
by introducing the gauge-fixing term into the Lagrangian. 

Introducing Mandelstam variables 

s = -(pi+P2)2, * = - ( p i - ? i ) 2 , u = - ( P i - 9 2 ) 2 , (4.5) 

which satisfy 
s + t + u = 2m2+ 2M2, (4.6) 

the amplitude can be written in a simple form 

M = e2?—±. (4.7) 
s 

In the centre-of-mass frame t and u are expressed in terms of s and the scattering angle 6 
between pi and q i : 

t = -\s + m 2 + M2 + \y/{s - 4m 2)(s - 4M 2 )cos0 , 

u = -\s + m2 + M2 - \y/(s - 4ro 2)(s - 4 M 2 ) cos0, (4.8) 

We now use the general formula for the differential cross section for a quasi-elastic scattering 
reaction 1 + 2 — 3 + 4, 

da 1 1 /A(5,m3,m 4

2) 2 \M\2, (4.9) dÇîcM 647T2 5 y A(5,m 1

2,m 2

2) 

where mi-m* denote the masses of the particles 1-4, and the function A is defined by 

A(i, y, z) = x2 + y2 + z 2 - 2xy - 2xz - 2yz. (4.10) 

Application of the above formulae gives rise to 

da 
dSlcM 

a2 Is-AM* / 4 m 2 \ / 4 M 2 \ , n , 
= 47 V 7 = 1 ^ I 1 " — A 1 " — ) c o s o - ^ 

Here, a denotes the fine structure constant a = e2 /4T. Integration over the angles gives the 
total cross section 

a = 
7TQ 2 

"37 ̂ . ^ ^ J , (,12) 
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For s > m 2 , M 2 , these results become 

and 

da a 2 , „ 
— cos 20. (4.13) 

ira 2 

35 

For comparison we give the corresponding expression for e + e ~ -+ ^ + /x~ , 

(4.14) 

da 

dQ C M 

a 2 Is-4M2 f 4(m 2 + M 2 ) / 4m 2 \ / 4 M 2 \ 2 Ï , n r , 
= 4lV7T4^{1 + 5 + ( 1 -—JC 1 -—J"*^)- ( 4 J 5 ) 

where we have averaged over the (incoming) electron and summed over the (outgoing) muon 

spins. Observe that the cos# dependent terms coincide with (4.11). After integration over the 

angles, one obtains the total cross-section 

47ra2 Is — AM2 

a = 
Is-AM2 ( 2(m2 + M2) Am2M2 Ï , „, 

35 V 7 3 1 ^ { l + s + -?-)* (4-16) 

where m is the electron mass and M the muon mass. When E > M, m, as is usually the case, 

one finds the well-known results 

d C = Hl( l + COS2 *), (4.17) 
dtlcM 45 

and 
47ra2 

a = - - . (4.18) 

5. Gauge theory of £/(l) 

In the previous section we have considered scalar electrodynamics, the theory of photons coupled 

to charged spinless fields. This is one of the simplest examples of an interacting field theory 

based on gauge invariance. Such theories are called gauge theories. In this section we will 

present the main ingredients of these theories. For simplicity we will first consider the case of 

abelian gauge transformations, i.e. gauge transformations that commute. In later sections we 

shall also discuss theories based on nonabelian gauge groups. 

As a first example let us construct a field theory which is invariant under local phase 

transformations. Our starting point is the free Dirac Lagrangian 

A*» = - V $ 0 - "i ^ , (5.1) 

which is obviously invariant under rigid phase transformations, i.e. phase transformations which 

are the same at each point in space-time. This is so because 
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xj) -> rp' = eiqliip, (5.2) 

implies 
^ _ 0 ' = e-«îC^. (5.3) 

Here we have introduced a parameter q that measures the strength of the phase transforma
tions, because eventually we want to simultaneously consider fields transforming with different 
strengths. Phase transformations generate the group of 1 x 1 unitary matrices called U(l). 

Let us now consider local phase transformations, and verify whether (5.1) remains invariant. 
Of course, the local aspect of the transformation is not important for the invariance of the mass 
term, since the variation of that term only involves the transformation of fields taken at the 
same point in space-time. But as soon as we compare fields at different points in space-time the 
local character of the transformation is crucial. A derivative, which depends on the variation 
of the fields in an infinitesimally small neighbourhood, will be subject to transformations at 
neighbouring space-time points. To see the effect of this, let us evaluate the effect of a local 
transformation on d^tp: 

drf{x) - (0„V(*))' = d^oW^x)) 

= e^ r ) {d^{x) + iqdut(x)il>(x)). (5.4) 

Clearly d^ip does not have the same transformation rule as ip itself. There is an extra term 
induced by the transformations at neighbouring space-time points which is proportional to the 
derivative of the transformation parameter. This term is responsible for the lack of invariance 
of the Lagrangian (5.1). 

In order to make (5.1) invariant under local phase transformations, one may consider the 
addition of new terms whose variation will compensate for the d^Ç term in (5.4). As a first step 
one could attempt to construct a modified derivative Z?M transforming according to 

D^{x) - (DMx))' = e^x\D^{x)). (5.5) 

If such a derivative exists we can then simply replace the ordinary derivative dy. in the Lagrangian 
(5.1) by Dp and preserve invariance under local phase transformations. 

Since the transformation of D^ip is entirely determined by the transformation parameter 
at the same space-time coordinate as V>> D^ is called a covariant derivative. To appreciate this 
definition one should realize that a local phase transformation may be regarded as a product of 
independent phase transformations each acting at a separate space-time point. It is possible that 
local quantities transform only under the gauge transformation taken at the same space-time 
point. Such quantities are then said to transform covariantly. For instance, according to this 
nomenclature, the field ifr transforms in a covariant fashion under local phase transformations, 
whereas the transformation behaviour of ordinary derivatives ( cf.(5.4)), although correctly 
representing the action of the full local group, is clearly noncovariant. It is obviously convenient 
to have local quantities that transform covariantly, and this is an extTa motivation for introducing 
the covariant derivative. 
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Let us now turn to an explicit construction of the covariant derivative. Comparing (5.4) 

and (5.5) we note that the modified derivative D^ must contain a quantity whose transformation 

can compensate for the second term in (5.4). If we define 

D^{x) = (ÔM - tçA„(x)W(:c), (5.6) 

we obtain 

D^ - (D^y = {d^y - iq{A^y 

= e*'««(Ô^ + iqdpW - iqA'J)). (5.7) 

Comparing this to (5.5) shows that the new quantity A„. must have the following transformation 

rule 

A„ - A'„ = A» + d^. (5.8) 

Hence the requirement of local gauge invariance has led us to introduce a new field A^, whose 

transformation is given by (5.8). This new field is called a gauge field. Note that the gauge field 

does not transform in a covariant fashion. 

Introducing the covariant derivative (5.6) into the Lagrangian (5.1) shows that the theory 

is no longer free, but describes interactions of the fermions with the gauge field 

C^ = -ifrPip - mipxp, 

= -^p^ - mtjyij) + iqA^ipf^i). (5.9) 

Usually one assumes that AM describes some new and independent degrees of freedom of the 

system, although this can sometimes be avoided. But in any case it is clear that the requirement 

of local gauge invariance leads to interacting field theories of a particular structure. 

Covariant derivatives play an important role in theories with local gauge invariance, so 

we discuss them here in more detail. First we note that DM consists of two terms which are 

both related to an infinitesimal transformation. The derivative <?M generates an infinitesimal 

displacement of the coordinates, x^ —» xM + a", whereas the second term —iqA^tp represents the 

variation under an infinitesimal gauge transformation Sip = iqCip, with parameter f = — A^. The 

combination of an infinitesimal transformation over a distance a*1 and a field-dependent gauge 

transformation with parameter f = —aMAM is sometimes called a covariant translation. Under 

such a translation a field transforms as 

6^ = aPD^. (5.10) 

The observation that D^ corresponds to an infinitesimal variation shows that covariant deriva

tives must satisfy the Leibnitz rule, just as ordinary derivatives do 

Defalk) = (£^i)^2 + MDM- (5-11) 

To appreciate this result one should realize that the precise form of the covariant derivative is 

tied to the transformation character of the quantity on which it acts. For instance, if ipi and ipi 
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transform under local phase transformations with strength q\ and q?, respectively, then we have 

D^tfaifo) = (dp - i(qi + ftMM)(0i^2), 

D^ipi = {dp -iqiA^rpi, 

D^2 = (0„ - itoAjfo. (5.12) 

With these definitions it is straightforward to verify the validity of (5.11). 
Of course, repeated application of covariant derivatives will always yield covariant quan

tities. This fact may be used to construct a new covariant object which depends only on the 
gauge fields. Namely, we apply the antisymmetric product of two derivatives on V> 

[D„, D„] i, = D^Drf) - Dv(Drf). (5.13) 

Writing explicitly 

D^Dvij}) = dpdyip - iqA^d^ - iq{dilAu)^ - iqA^d^rp - q2AflA1/ip, (5.14) 

one easily establishes 
P M , 2 ? „ ] t f = - i ç f M „ t f , (5.15) 

where 
FM„ = d„Av - dvA„. (5.16) 

However, since if) transforms covariantly and the left-hand side of (5.15) is covariant, we may 
conclude that F^ is itself a covariant object. In fact, application of the gauge transformation 
(5.8) shows that F^ is even gauge invariant, 

SF^ = d„,d,A - dvd^ = 0. (5.17) 

but, as we will see later, this is a coincidence related to the fact that U{\) transformations are 
abelian. 

The result (5.15) is called the Ricci identity. It specifies that the comutator of two covariant 
derivatives is an infinitesimal gauge transformation with parameter f = - .F M „, where FM„ is 
called the field strength. This field strength F„.u is sometimes called the curvature tensor. The 
reason for this nomenclature is not difficult to see: if the left-hand side of (5.15) were zero then 
two successive infinitesimal covariant translations, one in the y. and the other in the v direction, 
would lead to the same result when applied in the opposite order. According to the Ricci 
identity this is not the case for finite -FM„. One encounters the same situation when considering 
translations on a curved surface, which do not commute for finite curvature. As the tensor F„.v 

on the right-hand side of (5.15) measures the lack of commutativity, its effect is analogous to 
that of curvature. 

We can use covariant derivatives to obtain yet another important identity. Consider the 
double commutators of covariant derivatives [DM , [JD„, DP]]. According to the Jacobi identity the 
cyclic combination vanishes identically, 
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[D^[DU,DP\] + [D^D^DJ] + \D„[D„DV\] = 0, (5.18) 

as can be verified by writing all the terms. To see the consequence of (5.18) let us write the first 
term acting explicitly on i>(x), 

[DM, [D„, DM = D^[DU, Dp]4>) - [Dv, DP]D^ 

= -iqiD^F^W, (5.19) 

where we used (5.11) and (5.15). Therefore the Jacobi identity implies 

D»FVI> + DuFPii + DPF^ = 0. (5.20) 

In this case the field strength is invariant under gauge transformations so we may replace co-
variant by ordinary derivatives and obtain 

dpFvl) + duFPtl + dpF^ = 0. (5.21) 

This result is called the Bianchi identity; it implies that FM„ can be expressed in terms of a vector 
field, precisely in accord with (5.16). The identity (5.21) is well known in electrodynamics as 
the homogeneous Maxwell equations. 

The field strength tensor can now be used to write a gauge invariant Lagrangian for the 
gauge field itself 

C = -\Fl. (5.22) 

This Lagrangian can now be combined with (5.9), 

C = CA + £t£. 

= -jid^A» - duA^)2 - $ptl> - m ^ V + iqAjfa»rl>, (5.23) 

so that we have obtained an interacting theory of a vector field and a fermion field invariant under 
the combined local gauge transformations (5.2) and (5.8). It is not difficult to see that this theory 
coincides with electrodynamics: the gauge field A^ is just the vector potential (subject to its 
familiar gauge transformation), which couples to the fermion field via the minimal substitution, 
and F M 1 / is the electromagnetic field strength. 

To derive the field equations corresponding to (5.23) is straightforward. They read 

dvF^ = J„, (5.24) 

(P + m)ip = iqArl>, (5.25) 

^(} - m ) = -iqtpA, (5.26) 

where the right-hand side of (5.24) is equal to 

J M = iqxpf^rp. (5-27) 

Clearly (5.24) corresponds to the inhomogeneous Maxwell equation (1.29), while, as was men
tioned above, the Bianchi identity (5.21) coincides with the homogeneous Maxwell equations. 
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The field equations (5.25) and (5.26) describe the dynamics of the charged fermion, and are 
strictly speaking not part of Maxwell's equations. 

It is easy to repeat the above construction for other fields. For example, a complex scalar 
field <f> may transform under local phase transformations according to 

4>{x) — 4>'{x) = e ' ? î ( l ) <Kz) . (5.28) 

As before, the requirement of local gauge invariance forces one to replace the ordinary derivative 
by a covariant derivative, 

D»4> = {dM - iqA^)4>, (5.29) 

so that one obtains a gauge invariant version of the Klein-Gordon Lagrangian 

C^ = -\D^-m2\cf>\2 

= -{d^? - m2\4>\2 - iqA„<f>' 'dIM<t>~ ? 2 ^ l ^ | 2 - (5-30) 

This is the Lagrangian for scalar electrodynamics, which we have been using in section 4. Ob
serve that the effect of the covariant derivative coincides with that of the minimal substitution 
procedure. Unlike in spinor electrodynamics, which is defined by the Lagrangian (5.9), there are 
interaction terms in (5.30) that are quadratic in Au. Therefore the corresponding expression for 
the current (5.28) now depends also on the gauge field A^; it reads 

J„ = iqiiD^P^ - 4>"(D^)), (5.31) 

and appears on the right-hand side of the Maxwell equation (5.24). The field equation of the 
scalar field can be written as 

D*xD»4>-m24> = Q. (5.32) 

The parameter q that we have been using to indicate the relative magnitude of the change 
of phase caused by the gauge transformation, also determines the strength of the interaction 
with the gauge field A^. Hence in electromagnetism the particles described by the various fields 
carry electric charges ±q. We shall give a more precise definition of the electric charge in section 
7. 

6. Current conservation 

The four-vector current J^ that appears on the right-hand side of the inhomogeneous Maxwell 
equation must satisfy an obvious restriction. To see this contract (5.24) with d* and use the 
fact that Fpv is antisymmetric in /i and v. It then follows that J^ must be conserved, i.e. 

d^J* = 0. (6.1) 

Another way to derive the same result is to make use of the matter field equations. For instance, 
for a fermion field one has 

d» J " = d^iq^-f^) 

= 0, (6.2) 
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by virtue of (5.25) and (5.26). Similarly on can show that the current (5.31) is conserved by 
virtue of the field equation (5.32) and its complex conjugate. 

The fact that photons must couple to a conserved current has direct consequences for 
invariant amplitudes that involve external photon lines. Such an amplitude with one photon 
and several other incoming and outgoing lines takes the form 

M(k,---) = sti(k)M^kr--), (6.3) 

where k and e(k) denote the momentum and polarization vector of the photon. Current con
servation now implies that 

kMM'i(k,---) = 0, (6.4) 

provided that all external lines other than that of the photon are on the mass shell. The latter 
condition can be understood as a consequence of the fact that we had to impose the matter field 
equation in (6.2). 

Actually, the mass-shell condition for the external lines can be somewhat relaxed: it is 
sufficient to require that only the external lines associated with charged particles are on the 
mass shell. Therefore it is possible to exploit (6.4) for amplitudes with several off-shell photons, 
but we should already caution the reader that this result does not hold for nonabelian gauge 
theories. If all external lines are taken off shell one obtains relations between Green's functions, 
which have a more complicated structure than (6.4). Such identities are called Ward identities. 
In the context of quantum electrodynamics these identities are usually called Ward-Takahashi 
identities. 

The fact that A^ couples to a conserved current is essential in order to establish that 
interactions of the massless spin-1 particle associated with A^ are Lorentz invariant. We have 
already observed this in one particular example in section 3. To explain this aspect in more 
detail, we recall that massless particles have fewer polarization states than massive ones. The 
spin of massless spin-5 particles must be parallel or anti-parallel to the direction of motion of 
the particle, so that the helicity is equal to ±s. Consequently massless particles have only 
two polarization states, irrespective of the value of their spin. Physical photons have therefore 
helicity ± 1 , and are described by transverse polarization vectors e(k) that satisfy the condition 

* -e(k) = 0 , £o(k) = 0, (6.5) 

corresponding to two linearly independent polarization vectors. 
The second condition in (6.5) is obviously not Lorentz invariant, and one may question 

whether the interactions of massless spin-1 particles will be relativistically invariant. To make 
this more precise, consider a physical process involving a photon, for which the invariant ampli
tude takes the form 

M=e^k)M>x(k,...), (6.6) 

where £(k) is the photon polarization vector, fcM the photon momentum (k2 = 0) and the dots 
indicate the other particle momenta that are relevant. Obviously, (6.6) has a Lorentz invariant 
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form, but since e(k) will not remain transverse after a Lorentz transformation, the amplitude 
will in general no longer coincide with the expression (6.6) when calculated directly in the new 
frame. 

To examine this question in more detail let us first derive how a transverse polarization 
vector transforms under Lorentz transformations. What we intend to prove is that £^(k), sat
isfying (6.5) with k2 = 0, transforms into a linear combination of a transverse vector e'(k') 
and the transformed photon momentum k', where s'(k') is transverse with respect to the new 
momentum k'. More precisely, 

£ / 1 ( k ) - £ ' M ( k ' ) + Q ^ , (6.7) 

with Q some unknown coefficient which depends on the Lorentz transformation. To derive (6.7) 
it is sufficient to note that the condition k -e(k) = 0 is Lorentz invariant, so that the right-hand 
side of (6.7) should vanish when contracted with k'; therefore it follows that this vector can 
be decomposed into a transverse vector satisfying (6.5) (but now in the new frame) and the 
momentum k'. What remains to be shown is that the transverse vector f'(k') has the same 
normalization as e(k). This is indeed the case, since 

£*(k) eM(k) = (e'"(k') + a *'") (< (k ' ) + a k'J 

= £"*(k')e'M(k'), (6-8) 

where we have used (6.5) and k'2 = 0. Using (6.7) one easily establishes that the amplitude 
(6.3) transforms under Lorentz transformations as 

e M (k) M»(k, • • •) — < ( k ' ) M'"(fc', •••) + <**;, M">(k', •••). (6.9) 

The first term on the right-hand side corresponds precisely to the amplitude that one would 
calculate in the new frame. Therefore relativistic invariance is ensured provided that the photons 
couple to a conserved amplitude. 

7. Conserved charges 

In classical field theory current conservation implies that the charge associated with the current 
is locally conserved. For scattering and decay reactions of elementary particles it seems obvious 
that charge conservation should imply that the total charge of the incoming particles is equal 
to the total charge of the outgoing particles. It is the purpose of this section to prove that this 
is indeed the case and to establish that the charge of a particle can be defined in terms of the 
invariant amplitude for a particle to emit or absorb a zero-frequency photon. To elucidate this 
definition consider the amplitude for the absorption of a virtual photon with momentum k by a 
spinless particle. The corresponding diagram is shown in Fig. 3. The momenta of the incoming 
and outgoing particles are denoted by p and p', respectively, so that k = p' — p. Both p and p' 
refer to physical particles of the same mass, so that p 2 = pn — —m2. The invariant amplitude 
can generally be decomposed into two terms 

M<1(p',p)=F1(k2)(p'tl + p„) + iF2{k2)kli (7.1) 
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Fig. 3. The absorption of a virtual photon by a spinless particle 

where F\ and F2 are called form factors. Current conservation implies that k^M^ip',p) should 
vanish, so 

Fi(k2)(pn - p2) + iF2(k2)k2 = 0. (7.2) 

Since the incoming and outgoing particles have the same mass, F\ drops out from (7.2) and we 
are left with 

F2(k2) = 0. (7.3) 

In order to obtain (7.3) it is essential that we assume current conservation for off-shell photons. 
The simplification resulting from this assumption will not imply a loss of generality in what 
follows, as we will mainly be dealing with physical photons. The function Fi(k2) is called the 
charge form factor, and as, we have been alluding to above, its value at k2 = 0 defines the 
electric charge of the particle in question. For a pointlike particle this is easily verified, and 
one finds F2(k2) = 0 and F\(k2) = e, where e is the coupling constant in the Lagrangian that 
measures the strength of the photon coupling. Experimentally it is not possible to measure the 
probability for absorbing or emitting a zero-frequency photon, so that the charge of a particle is 
not measured in this way. It is more feasible to use low-energy Compton scattering (also called 
Thomson scattering) for this purpose. Another process is the elastic scattering of a particle by 
a Coulomb field. 

We will now show that, with the above definition of charge, one has charge conservation in 
any possible elementary particle reaction. The derivation starts from considering a process in 
which a soft photon is being emitted or absorbed; for instance 

A — B + 7 (7.4) 

where A and B denote an arbitrary configuration of incoming and outgoing particles. It is 
possible to divide the amplitude for this process into two terms 

M{A -> B + 7) = MB(A -H. B + 7) + M*(A -*B + f), (7.5) 

where MB consists of all the Born approximation diagrams in which the photon is attached 
to one of the external lines, as shown in Fig. 4, and MR represents the remainder. The Born 
approximation diagrams have the form 
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+L( f f i ; tV ' ( * ' ) " ( A ~ 1 ' t 4 <7-6) 

where .M(A[i] —»• B) and M(A —* B[j]) denote the invariant amplitude for the process A -+ B 
in which one of the external lines is shifted from its mass shell by an amount k^. The index i 
labels the off-shell incoming line with momentum p; — k and p2 — -m2, whereas j labels the 
outgoing line with momentum pj + k and pj = — my The reason why we consider the Born 
approximation diagrams of Fig. 4 separately is that they become singular when the photon 
momentum k tends to zero because the propagator of the virtual particle diverges in that limit. 
Therefore we are entitled to restrict ourselves to the charge form factors F{(k2) or Fj(k2) as they 
are measured for real particles, since the deviation from their on-shell value leads to terms in 
which the propagator pole cancels, and which are therefore regular if k approaches zero. Those 
terms are thus contained in the second part of (7.5) which is assumed to exhibit no singularities 
in the soft-photon limit. 

We now use current conservation on the full amplitude (7.5), i.e., we require that the 
amplitude vanishes when the photon polarization vector £M(k) is replaced by k^. Contracting 
the momentum factors in the Born approximation amplitude with fcM leads to the following 
factors 

(2Pi-k)" - ( P t . - f c ) * + p ? 
""(Pi - k)2 + m? ~ (Pi - q)2 + m? " ' ' ^ 

ytpj + k)» _ (Pi + kf-p* _ 
M(Pi + k)2 + m) - (Pj + ky + m)- + 1 - (i*> 

Using the fact that the remaining diagrams in (7.5) are regular for vanishing k, we thus find 

-Y^M(A[i\-+ B)Fi(k2) + J2Fj(k2)M(A^ B\j]) = 0(k), (7.9) 
« 3 

or, in the soft-photon limit 

3 i 

where M(A -* B) is now the full on-shell amplitude for the process A —* B. The implication 
of (7.10) should be obvious. In every possible process the sum of the charges of the incoming 

+ 

Fig. 4. Born approximation diagrams corresponding to (7.6) 
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particles should equal the sum of the charges of the outgoing particles. This result justifies the 
definition of electric charge as the charge form factor taken at zero momentum transfer. 

8. Nonabel ian gauge fields 

In the previous chapter we have introduced theories with local gauge invariance. In order to 
demonstrate the essential ingredients we stayed primarily within the context of theories such 
as electrodynamics that are invariant under local phase transformations. However, the same 
framework can be applied to theories that are invariant under more complicated gauge trans
formations. One distinctive feature of the latter is that they depend on several parameters and 
also that they are not always commuting. Groups of noncommuting transformations are called 
nonabelian. This in contradistinction with phase transformations, which depend on a single 
parameter £ and are obviously commuting (and therefore called abelian). The fact that the 
gauge transformations depend on several parameters forces us to introduce several independent 
gauge fields. Also the matter fields must have a certain multiplicity in order that the gauge 
transformations can act on them. In more mathematical terms, the fields should transform 
according to representations of the gauge group. Each representation consists of a set of fields 
which transform among themselves, just as the components of a three-dimensions vector trans
form among themselves under the group of rotations. The coupling of the gauge fields to matter 
will involve certain matrices, which will appear in the expressions for the charges. Charges can 
be defined along the same lines as in section 7. If the gauge transformations do not commute, 
these matrices will not commute either. This requires that the nonabelian gauge fields exhibit 
selfinteractions (in other words, they are not neutral as the photon), so that the Lagrangian 
for the gauge fields will be considerably more complicated than the Lagrangian (5.14). One 
way to discover the need for selfinteractions of nonabelian gauge fields follows from analyzing 
Feynman diagrams with several external lines associated with nonabelian gauge fields. One can 
then establish that the corresponding amplitudes are only conserved if the gauge fields have 
direct interactions with themselves. However, we will proceed differently and start in the same 
vein as in section 5, assuming invariance under nonabelian transformations. 

The relevant gauge groups consist of transformations, usually represented by matrices, that 
can be parametrized in an analytic fashion in terms of a finite number of parameters. Such 
groups are called Lie groups. The number of independent parameters defines the dimension 
of the group.* For instance, phase transformations constitute the group U(l), which is clearly 
of dimension one. As mentioned above, this group is abelian because phase transformations 
commute. Two important classes of nonabelian groups are the groups SO(N) of real rotations in 
N dimensions (N > 2), and the groups SU(N) of N x N unitary matrices with unit determinant 
(N > 1). As we shall see in a moment the dimension of these groups is ^N(N — 1) and N2 — 1, 
respectively. 

* Mathematically, a set of transformations forms a group if the product of every two trans
formations, the identity and the inverse of each transformation is contained in the set, and if 
the product of transformations is associative. It is usually rather obvious that the complete set 
of transformations that leave a theory invariant, forms a group. 
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Let us generally consider fields that transform according to a representation of a certain 

Lie group G. This means that, for every element of the group G, we have a matrix U; these 

matrices U satisfy the same multiplication rules as the corresponding elements of G. Under a 

group transformation the fields rotate as follows 

rl>(x) ^ tf(x) = U tl>(x), (8.1) 

where ip denotes an array of different fields written as a column vector. More explicitly, we may-

write 

ri>i{x)-+ÏÏ{x) = Uijrl>j(x). (8.1') 

For most groups the matrices U can generally be written in exponential form 

U = exp(r* a), (8.2) 

where the matrices ta are called the generators of the group defined in the representation appro

priate to ip, and the fa constitute a set of real parameters in terms of which the group elements 

can be described. The number of generators, which is obviously equal to the number of inde

pendent parameters fa and therefore to dimension of the group, is unrelated to the dimension 

of the matrices U and f„. It is usually straightforward to determine the generators for a given 

group. For example, the generators of the SO(N) group must consist of the N x TV real and 

antisymmetric matrices, in order that (8.2) defines an orthogonal matrix: UT — U~l. As there 

are jN(N — 1) independent real and antisymmetric matrices the dimension of the SO(N) group 

is equal to £TV(TV - 1). For the SU(N) group, the defining relation J7* = U~l requires the gen

erators ta to be antihermitean TV x TV matrices. Furthermore, to have a matrix (8.2) with unit 

determinant it is necessary that these antihermitean matrices ta are traceless. There are N2 — 1 

independent antihermitean traceless matrices so that the dimension of SU(N) is equal to TV2 — 1. 

To verify these properties it is usually sufficient to consider infinitesimal transformations, where 

the parameters £ a are small, so that U = 1 + Çata + 0 (£ 2 ) . 

Because the matrices U defined in (8.2) constitute a representation of the group, products 

of these matrices must be of the same exponential form. This leads to an important condition 

on the matrices ta, which can already be derived by considering a product of two infinitesimal 

transformations: the matrices ta generate a group representation if and only if their commutators 

can be decomposed into the same set of generators. These commutation relations define the Lie 

algebra g corresponding to the Lie group G, 

[taM = fabCtc, (8.3) 

where the proportionality constants fab
c are called the structure constants, because they define 

the multiplication properties of the Lie group. As we shall see the Lie algebra relation (8.3) 

plays a central role in what follows. 

Let us now follow the same approach as in section 5 and consider the extension of the group 

G to a group of local gauge transformations. This means that the parameters of G will become 

functions of the space-time coordinates x*. As long as one considers variations of the field at a 
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single point in space-time this extension is trivial, but the local character of the transformations 
becomes important when comparing changes at different space-time points. In particular this is 
relevant when considering the effect of local transformations on derivatives of the fields, i.e., 

V>(ar) — ip'(x) = U(x) rp(x), (8.4) 

d^(x) - (d^(x))' = U{x) d^(x) + {dJJ{x)) 1>(x). (8.5) 

Just as in section 5 local quantities such as the vector ip, which transform according to a 
representation of the group G at the same space-time point, are called covariant. Due to the 
presence of the second term on the right-hand side of (8.5), dutp does not transform covariantly. 
Although the action of the space-time dependent extension of G is still correctly realized by 
(8.5) this type of behaviour under symmetry variations is difficult to work with. Therefore one 
attempts to replace d^ by a so-called covariant derivative D^, which constitutes a covariant 
quantity when applied on i/>, 

D^(x) - (D^(x))' = U(x) D^(x). (8.6) 

The construction of a covariant derivative has been discussed in the previous chapter for 
abelian transformations, where it was noted that a covariant derivative can be viewed as the 
result of a particular combination of an infinitesimal displacement generated by the ordinary 
derivative and a field-dependent infinitesimal gauge transformation. Such an infinitesimal dis
placement was called a covariant translation. Its form suggests an immediate generalization 
to the covariant derivative for an arbitrary group. Namely, we take the linear combination of 
an ordinary derivative and an infinitesimal gauge transformation, where the parameters of the 
latter define the nonabelian gauge fields. Hence 

Drf = drf - W^ V, (8.7) 

where W^ is a matrix of the type generated by an infinitesimal gauge transformation. This 
means that W^ takes values in the Lie-algebra corresponding to the group G, i.e.,WM can be 
decomposed into the generators ta, 

W„. = W£ta. (8.8) 

Indeed W^ has the characteristic feature of a gauge field, as it can carry information regarding 
the group from one space-time point to another. 

Let us now examine the consequences of (8.7). Combining (8.5) and (8.6) shows that W^ij) 
must transform under gauge transformations as 

(w^y = drf - (D^y 

= {UW^U-1 + {d»U)U-l}V. (8.9) 

This implies the following transformation rule for W^, 
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W„. -> Wl = UWfl-1 + (d^U'1. (8.10) 

Clearly the gauge fields do not transform covariantly. The first term in (8.10) indicates that the 
gauge fields W* transform according to the so-called adjoint representation of the group; the 
second noncovariant term is a modification that is characteristic for gauge fields. It is easy to 
evaluate (8.10) for infinitesimal transformations by using (8.3) and we find 

W£ - TO' = W£ + hcaihWl + cU° + 0 (£ 2 ) . (8.11) 

This result differs from the transformation law of abelian gauge fields by the presence of the 
term / f c c °f 6 W^. 

We have already made use of the observation that the JDM can be viewed as the generators 
of covariant translations, which consist of infinitesimal space-time translations combined with 
infinitesimal field-dependent gauge transformations in order to restore the covariant character of 
the translated quantity. Since both these infinitesimal transformations satisfy 6(ct>ip) = (S(f>)tp + 
<j>{6tl>), we have Leibnitz' rule for covariant derivatives, 

D„{W>) = (D^)^ + 4>(D»(t>). (8.12) 

Note that the covariant derivative always depends on the representation of the fields on which 
it acts through the choice of the generators ta. Hence each of the three terms in (8.12) may 
contain a different representation for the generators (see the simple abelian example in (5.12)). 

Unlike ordinary differentiations, two covariant differentiations do not necessarily commute. 
It is easy to see that the commutator of two covariant derivatives D^ and D„, which is obviously 
a covariant quantity, is given by 

[Z>M, D„)fl> = DADvi>) - D„{DJ>) 

= -{B^Wu - duW» - [W„Wv])rl>. (8.13) 

This result leads to the definition of a covariant antisymmetric tensor G M l / , 

GMV = d»Wu - d^W^ - [W„ W„], (8.14) 

which is called the field strength. As V and D^D^ transform identically under the gauge 
transformations the field strength must transform covariantly according to 

G^^G'^^VG^U-1. (8.15) 

Because W^ is Lie-algebra valued and the quadratic term in (8.14) is a commutator, the field 
strength is also Lie-algebra valued, i.e., G^ can also be decomposed in terms of the group 
generators ta, 

GftV = G^ta, (8.16) 

with 
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G%v = dW - d„WZ - fbc

aWb^Wc

u. (8.17) 

Note that(8.17) differs from the abelian field strength derived in section 5 by the presence of the 
term quadratic in the gauge fields. 

Under an infinitesimal transformation <J M „ transforms as 

G^v —* G ̂ v — G pV + [fJmG/ij/]» (8.18) 

or, equivalently, as 
G%v - (G%)' = G%v + fbcaibG%v. (8.19) 

For abelian groups the structure constants vanish (i.e., the adjoint representation is trivial for 
an abelian group), so that the field strengths are invariant in that case. 

The result (8.13) can now be expressed in a representation independent form 

[JDM,0„] = - G M „ , (8.20) 

implying that the commutator of two covariant derivatives is equal to an infinitesimal gauge 
transformation with — G*„ as parameters. This is the Ricci identity. Precisely as for the abelian 
case we may apply further covariant derivatives to (8.20). In particular we consider 

[D„[DV, Dp]] + [D„[DP, Du]] + [D^D^D,]] 

which vanishes identically because of the Jacobi identity. Inserting (8.20) we obtain the result 

Dy!Gvp + DvGptl + DpG»u = 0, (8.21) 

where, acording to (8.18), the covariant derivative of GM„ equals 

DJGvp = d»Gvp - [WV G„ p ], (8.22) 

or, in components, 
D^G% = d^Gl, - fbc

aWlGlp. (8.23) 

The relation (8.21) is called the Bianchi identity; in the abelian case the Bianchi identity corre
sponds to the homogeneous Maxwell equations. 

9. Gauge invariant Lagrangians for spin-0 and s p i n - | fields 

By making use of the covariant derivatives constructed in the previous section it is rather 
straightforward to construct gauge invariant Lagrangians for spin-0 and spin- \ fields. To demon
strate this, consider a set of N spinor fields ifii transforming under transformations U belonging 
to a certain group G according to (i,j = 1, • • •, N) 

l f c - # = tti^, (9.1) 
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or, suppressing indices i,j, and writing rp as an ^-dimensional column vector, 

V> -»• il>' = U $ . (9.2) 

Conjugate spinors V\ then transform as 

^ I - - ^ = ^ 0 i , (9.3) 

or, regarding ^ as a row vector and again suppressing indices, as 

0 - » ^ = 0 t f t . (9.4) 

Obviously, if U is unitary, i.e., if £/* = Z7 - 1 , the massive Dirac Lagrangian, 

£ = - ^ 0 , - - m V ^ i , (9.5) 

is invariant under G. This Lagrangian thus describes N spin-j (anti)particles of equal mass m. 
We now require that the Lagrangian be invariant under local G transformations. To achieve 

this we simply replace the ordinary derivative in (9.5) by a covariant derivative (here and hence
forth we will suppress indices i,j, etc.), 

£ = —\j}p^} — m tjytj) 

- _ ^ - m ^ + ^ W ^ , (9.6) 

where W^ = W*ta is the Lie-algebra valued gauge field introduced in the previous section. 
Hence the gauge field interactions are given by 

Ant = W^7"*«t f , (9.7) 

where ta are the parameters of the gauge group G in the representation appropriate to ip. 
Observe that the matrices ta are antihermitean in order that the gauge transformations be 
unitary. The reader will have noticed that there is no obvious coupling constant in (9.7), but we 
shall see in the next section how this coupling constant can be extracted from the fields W£. The 
matrices (ta)ij can be regarded as nonabelian charges (up to a proportionality factor t) . The 
commutation relation for these charges is a consequence of the Lie algebra relation (9.3) which 
is necessary and sufficient in order that the nonabelian gauge transformations form a group. 

To illustrate the above construction, let us explicitly construct a gauge invariant Lagrangian 
for fermions transforming as doublets under the group SU(2). This group consists of all 2 x 2 
unitary matrices with unit determinant. Such matrices can be written in exponentiated form 

tf(0 = exp(f a*a), (a = 1 , 2 , 3 ) (9.8) 

where the three generators of SU(2) are expressed in terms of the isotopic spin matrices r a , 

ta = \ira, (9.9) 
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which coincide with the Pauli matrices used in the context of ordinary spin, 

As can be explicitly verified the generators ta satisfy the commutation relations 

{ta,tb} = -eabctc, ( 9 . 1 1 ) 

ensuring that the matrices (9.8) form a group. 
Historically the first construction of a nonabelian gauge field theory was based on SU(2) 

and was motivated by the existence of the approximate isospin invariance in Nature. According 
to the notion of isospin (or isobaric spin) invariance the proton and the neutron can be regarded 
as an isospin doublet. Therefore one introduces a doublet field 

- ( » • *•{*.)- (9-12) 

analogous to the s = \ doublet of ordinary spin. Conservation of isospin is just the requirement 
of invariance under isospin rotations 

V>->tf' = I ty, (9.13) 

where U is an SU(2) matrix as defined in (9.8). If isospin invariance would be an exact symmetry 
then it is a matter of convention which component of V> would correspond to the proton and 
which one to the neutron. If one insists on being able to define this convention at any space-time 
point separately, then one is led to the construction of a gauge field theory based on local isospin 
transformations (this is the heuristic argument that motivated Yang and Mills to attempt the 
construction of the gauge theory of SU(2)) 

Starting from (9.13) it is straightforward to construct the covariant derivative on ip, 

( d^p \ l 

d»& 2 

= UJ~*'U+«-"2 -n ){ '' (9-14) 

A locally SU(2) invariant Lagrangian is then obtained by replacing the ordinary derivative by 
a covariant one in the Lagrangian of a degenerate doublet of spin- \ fields, 

C = —ippij) — m ipil> 

= J^Qty _ TO^0 + I t W*^7*rBV>. (9.15) 

The field strength tensors follow straightforwardly from the SU(2) structure constants exhibited 
in (9.11) 

G% = ByWl - dvW* + €abcWlWZ, (9.16) 
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while under infinitesimal SU{2) transformations the gauge fields transform according to 

™l - TO' = W$ + eabcWl? + d^C- (9-17) 

However, contrary to initial expectations, local SU(2) transformations have no role to play 

in the strong interactions. Instead these forces are governed by an Sf/(3) gauge theory called 

quantum chromodynamics because one has introduced the term colour for the degrees of freedom 

transforming under SU(3). The corresponding gauge fields are called gluon fields because they 

are assumed to bind the elementary hadronic constituents, called quarks, into hadrons. The 

quarks transform as triplets under SU(3) and can thus be viewed as a straightforward extension 

of the SU(2) doublet (9.12). Theories based on 517(2) gauge transformations are relevant for 

the weak interactions. 

Gauge invariant Lagrangians with spin-0 fields are constructed in the same way. For in

stance, consider an array of complex scalar fields transforming under transformations U as in 

(9.1). If we regard <f> as a column vector and the complex conjugate fields as a row vector <f>', 

we may write 

4> — <j>' = u<f> 

4>'^(4>')' = 4>'U1. (9.18) 

Covariant derivatives read 

D„<f> = dtl<t>-wzta<t>, 

D^^d^-PtlWÏ. (9.19) 

Provided that the transformation matrices U in (9.18) are unitary ( so that t\ = -ta) the 

following Lagrangian is gauge invariant 

£ = -ID^l2 - m2\<j>\2 - \\<}>\4 (9.20) 

where we have used a complex inner product \4>\2 = 4>"4>i- Substituting (9.19) leads to 

C = - {dMF + <FtaWÏ){d»4> - Wfat) - m2\<t>\2 - AM 4 

= - I M 2 - m a | * | 2 - A M 4 

- WWUd»4> - (0„O«*) + WZWfa-UUt), (9.21) 

where in the gauge field interaction terms <j>* and <f> are written as row and column vectors. This 

result once more exhibits the role played by the generators ta as matrix generalizations of the 

charge. Using (9.9) it is easy to give the corresponding Lagrangian invariant under SU(2). In 

that case (9.21) reads 

C = -\dM<f>\2-m2\<f>\2-\\4>\4 

- \iWZ (*V.<U) - J TO2 M2, (9.22) 

where we have used raT(, + T(,ra = 1 £a&. 
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10. T h e gauge field Lagrangian 

In the preceding section we discussed how to construct locally invariant Lagrangians for matter 

fields. Starting from a Lagrangian that is invariant under the corresponding rigid transforma

tions, one replaces ordinary derivatives by covariant ones. Until that point the gauge fields are 

not yet treated as new dynamical degrees of freedom. For that purpose one must also specify a 

Lagrangian for the gauge fields, which must be separately locally gauge invariant. A transparent 

construction of such invariants make use of the field strength tensor Gp.v. Let us recall that G„.v 

transforms according to (cf. (8.15)), 

GliV^G'^ = UGlu>U-x, (10.1) 

so that for any product of these tensors we have 

G^Gpc • • -G\T —• G'MVG'pa • • -G'xT = U{Gy.vGptT • • -G\T)U~ . (10.2) 

Consequently the trace of arbitrary products of the form (10.2) is gauge invariant, i.e., 

Tr(G„„ • • -Gxr) - TiiUG^ • • - G A T ^ " 1 ) = T r ( G ^ • • - G A T ) . (10.3) 

by virtue of the cyclicity of the trace operation. The simplest Lorentz invariant and parity 

conserving Lagrangian can therefore be expressed as a quadratic form in G^, 

Cw = ^TT(G^G»"), (10.4) 

where we have introduced (4(? 2 ) - 1 as an arbitrary normalization constant. Notice that two 

alternative forms G M M and GM„Gp<T€
fi'/'"' are excluded; the first one vanishes by antisymmetry 

of Gp„, and the second one is not parity conserving (in fact one can show that the second term 

is equal to a total divergence). 

After rescaling WM to gW^, the gauge field Lagrangian (10.4) acquires the form 

Cw = Tr(t«t 6 ) {i(d„W« - dvWZ)(d„W* - duW£) 

- gfcd'W^W^Wt + \92fcdafe/bW^W^Wf}, (10.5) 

where one may distinguish a kinetic term, which resembles the abelian Lagrangian (5.12), and 

W3- and W*-interaction terms, which depend on the structure constants of the gauge group. 

For the Lie groups that we will be interested in, we have t£ = — ta and the generators can 

be defined such that Tr (<<,<&) becomes equal to — Sab. In that case the Lagrangian reads 

Cw = - K d " W " - d»Wt)2 + 9fabcW£ Wi Ô^Wt 

- \g2UcU* wl w£ wi wt. (io.6) 

In this particular case there is no need to distinguish between upper and lower indices a, 6 , . . . 

and fabc = fabc is totally antisymmetric. 

One may combine the gauge field Lagrangian (10.6) with a gauge invariant Lagrangian 

for the matter fields, and derive the corresponding Euler-Lagrange equations from Hamilton's 
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principle. To be specific let us choose the gauge invariant Lagrangian (9.6) for fermions and 

combine it with (10.6), 

= j^TiiG^G^) - ï>Pi> - m~$TJ> (10.7) 

The field equations for the fermions are obviously a covariant version of the Dirac equation, i.e., 

(P + m)i/ = 0, 0(J> -m) = 0, (10.8) 

or explicitly ( using t | = — ta) 

(P + m)4> = JVata4>, (10.9) 

~$(p +m) = -Wa]Va, (10.10) 

where we have not yet extracted the gauge coupling constant g from W^. These equations are 

the nonabelian generalizations of (5.12) and (5.13). 

To derive the field equations for the gauge fields requires more work and we give the result 

without proof, 

^DvGlv = J», (10.11) 

which is obviously a nonabelian extension of (5.24). The explicit form of this equation is rather 

complicated, 

4 { Ô " W * ? " d»wt) + hc^W^d^Wt + WldvW
cv - 2Wbud„WZ) 

+fbc
afdecWÎWb

uW
e"} = J£ , (10.12) 

where 

.J£ = ^T/Atf- (10.13) 

To examine whether J* is conserved, we apply a covaxiant derivative D^ to (10.11). On the 

left-hand side this leads to 

\D^DvG
a,iV = \{D^Dv]Ga^ 

= \Gh

ilvhcaGc>"', (10.14) 

where we have used the Ricci identity (10.28). Because / j , c

a is antisymmetric in b and c, (10.14) 

vanishes. Therefore the current satisfies a covariant divergence equation 

Z V ° M = 0, (10.15) 

or, explicitly, 

# „ J a M - fbca W* Jcii = 0. (10.16) 

This result implies that gauge fields can only couple consistently to currents that are covariantly 

constant. According to (10.15) the charges associated with the current are not quite conserved. 
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The reason is obviously that the gauge fields are not neutral. Their contributions must be 
included in order to define charges that are conserved. 

11. Spontaneously broken symmet r i e s 

It is possible for a theory to be exactly invariant under a continuous symmetry, while its ground-
state solution does not exhibit this symmetry. In itself it is not surprising that a symmetric 
theory can give rise to nonsymmetric states; take, for instance, the hydrogen atom which is 
described by a hamiltonian that is rotationally invariant, while its eigenstates with nonvanishing 
angular momentum are not inert under rotations. Nevertheless its ground state has zero angular 
momentum, and is thus rotationally symmetric. 

An example of a rotationally invariant system which is realized in such a way that the ground 
state is not symmetric, is the ferromagnet. Nonferromagnetic materials have a rotationally 
symmetric ground state in which the atomic spins are randomly oriented. Therefore the gross 
magnetization is zero. However, in a ferromagnet the spin-spin interactions are such that in the 
state of lowest energy all spins are aligned. This gives rise to a finite magnetization which breaks 
the manifest rotational symmetry; thus the rotational symmetry is realized in a spontaneously 
broken way. This does not mean that rotational symmetry has no consequences anymore, but 
the most obvious implications of having a symmetric theory are absent. One important aspect 
of a spontaneously broken realization is that the ground state must be infinitely degenerate. 
From a nonsymmetric ground state one may construct an infinite number of states by applying 
the symmetry transformations on the ground state. All these different states must have the 
same energy as the original one, because of the symmetry of the theory; the hamiltonian of the 
system still commutes with all symmetry transformations. Indeed for the ferromagnet with all 
spins aligned in a given direction, one obtains an infinite set of ground states by rotations of the 
magnet. 

We now discuss these phenomena in the context of a field-theoretic model based on a 
complex spinless field <$> : 

c = -\d^\2-v(\4>\). (n.i) 

This Lagrangian is invariant under constant phase transformations of <f> 

4>(x) -> <t>'(x) = e*'tf #ar). (11.2) 

Such U(l) transformations can also be represented as two-dimensional rotations of the real and 
imaginary parts of <j>- Hence the groups U{\) and 0(2) are equivalent. 

In theories such as (11.1) the fields are usually expanded about some constant value for 
which the potential (and thus the energy) has an absolute minimum. This value characterizes 
the ground state of the system, in the same way as the magnetization of the ferromagnet specifies 
its ground state. Of course, the actual value changes when quantum corrections are included, but 
such effects will not concern us here. The field <t> will have fluctuations about this classical value 
corresponding to dynamical degrees of freedom. Such degrees of freedom can be associated 
with particles; the constant field value which represents the field configuration with minimal 
energy is called the vacuum expectation value. The nature of the fluctuations about this value 
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is determined by the Lagrangian. Expanding the field about its vacuum expectation value v, we 
obtain a Lagrangian of the Klein-Gordon type for the two field components contained in <t>, which 
describe particles with a mass determined by the second derivative of V(|<£|) at 4> = v. Rather 
than working this out in detail, we give a systematic description of the various possibilities. 

The first possibility is that the potential acquires its minimum at <f> = 0. In that case 
expanding the Lagrangian about 4> = 0 gives rise to 

£ = -!M 2 -^ 2 |<A| 2 + .... (n.3) 
This shows that the excitations described by 4> correspond to particles with mass /x; note that 
(i2 must be positive because we have expanded the potential about a minimum. We may thus 
distinguish two kinds of particles, corresponding to the real and imaginary part of <f>. Both have 
the same mass, which can be understood on the basis of the symmetry (11.2) which rotates the 
real and imaginary parts of the field. Such a symmetric realization of the theory is called the 
Wigner-Weyl mode. 

We now consider the case where the minimum is acquired for a non-zero field value. In 
that case one immediately realizes that there must be an infinite set of minima because of the 
symmetry (11.2). In the plane of real and imaginary components of <f> these minima are located on 
a circle (see Fig. 5), and each of them represents a possible ground state. This situation describes 
a spontaneously broken realization of the symmetry (11.2), because the fact that we are forced 
to consider the theory for nonvanishing vacuum expectation value means that the symmetry is 
no longer manifest. However, further inspection shows that the symmetry still has an important 
implication. Because of the degeneracy there is one direction in which the potential remains 
constant when expanding about the minimum. Consequently, one of the excitations about 
the ground state value of <f> is massless. This is in accordance with the Goldstone theorem, 
which states that to every generator of the symmetry group that is spontaneously broken, 

*WI) 

Im</> 

s 
Re<j> 

Fig. 5. The potential V(|^|) 

119 



there corresponds a massless particle. This particle is called the Goldstone particle, and the 
spontaneously broken realization is called the Goldstone mode. One recognizes that the massless 
degrees of freedom are related to the symmetry that is broken, since it is this symmetry that 
causes the degeneracy of the potential. Because the symmetry in this case is generated by 
a scalar parameter, which shifts the phase of <j> , the particle is a scalar particle. But more 
complicated examples of spontaneously broken symmetries are possible. 

We now consider the Goldstone mode in somewhat more detail. Since we are expanding 
the field about some nonvanishing value, it is convenient to make a decomposition 

0(i)=4=P(*)e''' (x)- (H-4) 
v 2 

This leads to 

dp<t>= - i = e , s ( l ) (dvp+ipd^), (11.5) 
V2 

wh.;ch is inserted into the Lagrangian (11.1) 

L = -\W*P? - \p\djf - V(p/V2) (11.6) 

Clearly the radial degrees of freedom describe a particle with a mass given by 

But the angular degrees of freedom related to 0 do not have a mass, and we find a standard 
kinetic term for a massless scalar field with some additional derivative interactions. This confirms 
the result of our heuristic considerations, and is in agreement with Goldstone's theorem. 

12. The Brout-Englert-Higgs mechanism 

The existence of two possible realizations of a symmetry naturally raises the question whether 
a similar phenomenon exists for local gauge symmetries. We will see that this is indeed the 
case; there exists a second realization of theories with local gauge invariance, which causes the 
generation of a mass term for the gauge fields. To analyse this in detail we extend the model of 
the previous section by introducing an abelian gauge field A,, and by requiring invariance under 
local U(l) transformations. The combined transformation rules thus read 

4>(x) — 4>'{x) = e*"««*ty(x), 

M*) - 4.00 = M*) + W)- (12.1) 

Following the rules of the previous sections, it is easy to write down a Lagrangian invariant 
under these transformations. We add a kinetic term for the gauge field to (12.1), and replace 
the derivatives of <f> by covariant derivatives 

1 
4 

i1 m/\A) = = O^Ay Oi/Apj 

C = ~FlM)-\D»4>?-V{\4>\), 

Dti<t> = dtl<t>-iqA^4>. (12.2) 
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We assume that the potential acquires an absolute minimum for nonvanishing field values; 

therefore we adopt the decomposition (11.4). In this parametrization the phase transformation 

is expressed by 

* ( * ) ^ *'(*) = *(*) + , « * ) , (12.3) 

and the covariant derivative takes the form 

D^ = ^jf6 (dtf - iqpiA» - q~xdM . (12.4) 

We now define a new field B^ by 

B)i = A^-q-ïdtie, (12.5) 

which is inert under the gauge transformations. The covariant derivative can then be written as 

D^d> = - ^ eie (d^p - iqpB»). (12.6) 

Since the relation between B^ and A^ takes the form of a (field-dependent) gauge transformation, 

we can simply replace the field strength F^A) by the corresponding tensor FUV{B). Therefore 

the Lagrangian can be expressed entirely in terms of the fields p and B^, which are both gauge 

invariant, 

C = -\*%{B) - \{d.pf - \f?Bl - V(p/V2). (12.7) 

If we now expand the field p about its vacuum expectation value v, we find that the Lagrangian 

(12.7) describes a massive spin-1 field B^, with a mass given by 

MB = \qv\. (12.8) 

The massless field that corresponds to the Goldstone particle in the model of the previous section 

has simply disappeared, while the massive spinless field remains. 

At this point we realize that we could have derived (12.7) directly, by exploiting the gauge 

invariance in order to put 0(x) = 0 from the beginning. This amounts to choosing a gauge 

condition <f> = p/y/2, which is called the unitary gauge. The advantage of this gauge is that the 

physical content of the model is immediately clear. However, this gauge is extremely inconvenient 

for calculating quatum corrections, because it leads to many more ultraviolet divergences than 

the so-called renormalizable gauge conditions. 

It is important to realize that the degeneracy of the ground state that was present in the 

case without local gauge invariance, has disappeared. The degeneracy is related to the fictitious 

degrees of freedom that are affected by the gauge transformations; these degrees of freedom 

have no physical content. Hence the phase of <j> becomes irrelevant and only the radial degree 

of freedom, which is gauge invariant, has physical significance. The same remark applies to the 

vacuum expectation of <f>. Actually the term vacuum expectation value is somewhat misleading in 

this context. Since the physical states are gauge invariant it is not possible to have nonvanishing 

expectation values for quantities that are not gauge invariant. Strictly speaking the only relevant 

quantity is the expectation value of \<j>\, while the phase of <f> is not relevant. This represents 
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a crucial difference with the situation described in the previous section where the phase of 4> 

does represent a physical degree of freedom. In that case the physical states are not required to 

be invariant under the symmetry, which leads to the connection between a nonzero expectation 

value and the infinite degeneracy of the ground state. 

Hence we have discovered that in the spontaneously broken mode the gauge-dependent 

degrees of freedom, which effectively reside in the phase 6, decouple from the theory. The reason 

for this decoupling is rather obvious, since a gauge invariant theory does not depend on gauge 

degrees of freedom. Unlike in the realization where the potential acquires a minimum at <f> = 0 

and the gauge field remains massless, the decoupling takes place in a purely algebraic manner 

without the necessity of making nonlocal field redefinitions. The number of field components has 

not been changed in this way. Previously we had a complex field and a gauge field representing 

2 + 3 = 5 degrees of freedom; in this realization we have only one spinless field and a vector 

field, but no gauge invariance. Hence we still count 1 + 4 = 5 degrees of freedom. Also the 

number of physical degrees of freedom has not changed. Originally we had two scalar particles 

and a massless spin-1 particle; since the latter has two physical degrees of freedom, the total 

number of physical degrees of freedom is four. In the spontaneously broken realization we have 

one scalar and one massive spin-1 particle. Massive spin-1 particles have three polarizations, so 

that we count again four physical degrees of freedom. 

It is possible to understand the above phenomenon in more physical terms. The gauge field 

A^ mediates a force between charged particles which is of long range. However, when this field is 

generated in a medium, it is not obvious that it will still manifest itself as a long-range force. The 

medium may polarize under the influence of an electromagnetic field, so that the electromagnetic 

forces will be screened. The characteristic screening length is then inversely proportional to the 

mass of the gauge field. In fact this phenomenon is well known in superconductivity. 

13. Massive SU(2) gauge fields 

We will now apply the Brout-Englert-Higgs mechanism to an SU(2) gauge theory. Consider 

SU(2) gauge fields W£ coupled to a doublet of spinless fields denoted by <j>. The relevant 

Lagrangians were already given in the previous sections (cf. (10.6) and (9.22)) and we find 

c = - i(d„w? - duwff - 9(abcwt wt d^wt 

-\92eabceadeW
b

MW^W^W^ 

-\dM4>\2 + fi2\4>\2-m4 

- ¥9Wï (<t>'ra d,<p) - \ 9

2 {wtf \<t>\2, (i3.i) 

With (x2, A > 0 the potential acquires a minimum for a nonzero value of the field <j>. Following 

the example of the previous section we decompose 4> according to 

^-(23-à^U))- (132) 

where $(x) is an i-dependent SU(2) matrix, which is a generalization of the phase factor exp iB 

(which is a U{\) "matrix") used in the previous sections. Here we make use of the fact that the 
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doublet <j> can be brought into the form (0,/>/\/2) by a suitable gauge transformation. The field 

p is gauge invariant and represents the invariant length of the doublet field <f>. 

In principle, we could now substitute the parametrization (13.2) into the Lagrangian, re

define the gauge fields in a way analogous to (12.5), and observe that the generalized phase 

factor $ disappears from the Lagrangian. However, it is more convenient to adopt the unitary 

gauge: owing to the local SU(2) invariance we can simply ignore the matrix $ and replace <j> by 

(0,p/>/2)- The Lagrangian then takes the form 

£ = - \(dJWï - d„Wff - geabcWZ Wb

v d„W£ 

- MM 2 + ^ V - W - b2 P2 (w;)2. (13.3) 

Let us now determine the values p = ±v for which the potential V(p) = — \p2 p2 + \Xp4 

acquires a minimum. The derivative of V(p) vanishes whenever p = 0 or — p? + Xp2 = 0 At 

p — 0 we have a local maximum, while the minima are at p = ±v with 

(13.4) 

The mass of the so-called Higgs particle, which is associated with p, equals 

m2 = 2Xv2, (13.5) 

while the W-masses follow from substituting p2 = v2 into the last term in the Lagrangian (13.3), 

M2, = \g2v2. (13.6) 

The field p seems to play a minor role. It only interacts with the gauge fields through the 

p2W2 interaction. In the limit A —• oo, keeping v fixed, the degrees of freedom associated with 

p are suppressed, and one is left with the standard Lagrangian for SU(2) gauge fields with an 

extra mass term. At the classical level this procedure is harmless and there is no reason why one 

cannot drop the Higgs field. However, for the quantum theory, the situation is quite different, 

at least for the nonabelian case. With an explicit mass term the theory is not renormalizable, 

so that there is no way to obtain sensible predictions. As it turns out the presence of the extra 

scalar field has a smoothening effect on the the quantum corrections and makes the theory 

renormalizable. This aspect, and not so much the gauge invariance of the original theory which 

is no longer manifest in (13.3) anyway, forms the prime motivation for constructing theories 

according to the Brout-Englert-Higgs recipe. 

14. The prototype model for SU(2) ® C/(l) electroweak interactions 

We will now extend the model of the previous section in two respects. First we introduce an extra 

U(l) gauge group, so that the resulting gauge group is SU(2) ® U(l). Secondly we introduce 

two fermions denoted by p and n, which will also transform under the combined gauge group in 

a way that we will specify shortly. Our goal is to exhibit the essential features of the standard 

-K 
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model for electroweak interactions, which is based on this gauge group. As the gauge group is 

of dimension 4, there will be four gauge fields; the three gauge fields of SU(2) will be denoted 

by W° and the U(l) gauge field by B^. However, the Brout-Englert-Higgs mechanism now 

introduces a novel feature. Initially the three gauge fields of SU(2) and the gauge field of U(l) 

are massless and have no direct interactions. After the emergence of a mass term, however, it 

turns out that there is one nontrivial mixture of the gauge fields which remains massless. This 

field is associated with a nontrivial subgroup of SU(2) ® U(l) and will describe the photon. 

Let us first comment on the way in which the fermions transform under the gauge trans

formations. To that order we decompose the fields in chiral components with the help of the 

projection operators j ( l ± 7s)- Their left-handed components are assigned to a doublet repre

sentation of SU(2); their right-handed counterparts are singlets: 

ipL = (PL,nL); pR; n R . (14.1) 

In the original leptonic version of this model p and n correspond to the neutrino and the electron, 

respectively. The right-handed neutrino was chosen to decouple in that case, and only occurs 

as a free field. For hadrons, p and n may for instance correspond to the "up" and the "down" 

quark, respectively. 

Under the additional U(l) group the doublet fields transform as 

4>-* <f>'= e ^ t <f>, (14.2) 

V>L - V'L = e t o ^ j . , (14.3) 

and the singlets as 

PR->PR = **iq**PR, (14.4) 

nR^n'R = e^nR, (14.5) 

where f is the parameter of the U(l) transformations and, for the moment, q, q\, Ç2 and q$ are 

arbitrary numbers. 

We now assume that the potential is such that the potential acquires a minimum for <p ^ 0. 

In that case we can decompose <j> according to (13.2). Ignoring the matrix $ , which amounts to 

choosing the unitary gauge, gives 

<Ê(x) = (0,p(x)A/2), (14.6) 

with p(x) a real scalar field. The form of (14.6) is left invariant under a nontrivial U(l) subgroup 

of SU(2) ® U(l). To identify this subgroup, consider first a somewhat larger subgroup of 

SU(2) ® U(l) consisting of the diagonal matrices. They are parametrized as 

/ e *<* 3 +«0 0 \ 

U(C,t)=[ 3 h (14-7) 
y o e*<-*«+««/ 

where we have rescaled the SU(2) parameter f3 with the SU(2) gauge coupling constant g in 

accordance with the procedure outlined for the gauge fields in section 10. In order that (14.6) 

be left invariant under the transformations (14.7), we must obviously have — g£3 + q£ = 0. This 

motivates the following decomposition of f3 and £, 
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£ 3 = cos 6W i
z + sin 6W ÇEM, 

(14.8) 
£ = cos 9W i

E M - sin Bw i z , 

where the weak mixing angle 6w satisfies the condition 

tan#w = - , (14.9) 

9 

such that the {7(1) subgroup generated by the parameter £EM leaves (14.6) invariant. To see this, 

substitute (14.8) into (14.7). Using (14.9) it is then obvious that (14.6) is left invariant under 

transformations (14.7) with (,z — 0. The group generated by £EM', which we denote by U(l)EM 

henceforth, thus remains a manifest local gauge symmetry and is not affected by the nonzero 

value of the field <j>. Hence U(1)EM corresponds to the electromagnetic gauge transformations in 

this model, and the weak mixing angle 6w characterizes the embedding of U(1)EM into the full 

gauge group SU(2)®U(1). Observe that, although we have not yet considered a Lagrangian, the 

symmetry structure of the model is already to a large extent determined by the representation 

content of the scalar fields. The fact that the model of this section has precisely one massless 

gauge field is a consequence of choosing a doublet field. For other scalar field configurations one 

would obtain a different mass spectrum for the gauge fields. 

We now redefine the gauge fields W* and B^ in accordance with the decomposition (14.8), 
W* = cos9w Zu + sin 0w Au, 

(14.10) 
B^ = cos9w AM - sin#w Z^. 

Let us now examine how the various gauge fields transform under the two U(l) transformations 

parametrized by £EM and Çz. Using the infinitesimal gauge transformations of W* and B^ in 

terms of the original parameters of SU(2) ® U(l), 

14.11) 
SB» = 0 ^ , 

it follows that the fields A^ and Z M transform according to 

6A„ = d^EM, 
(14-12) 

6Z, = d„tz, 

which identifies A^ as the physical photon field. The other field Z^ corresponds to a neutral 

massive vector boson, whose mass will be different from that of the fields W*'2 because of the 

electroweak-mixing effects. The fields W*'2 are electrically charged since they transform under 

electromagnetic gauge transformations. It is convenient to decompose them according to 

W± = \y/2(Wl?iWl). (14.13) 

Under infinitesimal electromagnetic gauge transformations Wj^ transform as 

6W± = ±i(gBmOw)Ç
EMW±, (14.14) 

which shows that the W bosons associated with Wjf carry an electric charge equal to ±(g sin 6w). 

This charge will be denoted by e, so that we have 
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e = gsmOw = qcosOw- (14.15) 

The electric charge QEM, measured in units of e, is denned by the lowest-order coupling 

of the photon field A^. From (14.10) we can determine the photon coupling in terms of the 

lowest-order coupling of the fields B^ and W%. The former is determined by the constants Ç; 

defined in (14.2-5), and the latter is given by the SU(2) generator associated with f3. We will 

denote this generator by i times the hermitean matrix T3. Since we are only dealing with singlets 

or doublets, T3 is equal to zero or to the matrix \r3. The charge QEM is thus given by 

eQEM - \qi cos 6W + 9sin6WT3 

= e{T3 + \qilq) 

= e(T3 + i y ) . (14.16) 

The operator Y, which is often called the "weak hypercharge", measures the U(l) "charges" ç, 

in units of the coupling constant q of the field <t>. Hence 4> has Y = 1 by definition. According to 

(14.16) charge differences within SU(2) multiplets are necessarily multiples of e. Using (14.10) 

we can also derive a similar expression for the lowest-order coupling of the neutral vector boson 

Zp to the other fields, which we denote by Qz, 

QZ = -\qismôw + gcos6wT3, 

= - jq sin 9\vY + g cos 6wT3, 
9 ( r 3 - sin2 0WQ

EM). (14.17) 
COS 6w 

The Lagrangian for the gauge fields can now be presented. We define the Lie algebra valued 

form 
/ g cos BwZ^ + e A» gV2W+ \ 

9Wlt = gWfàiTa)=\i\ , (14.18) 
\ gy/2W~ -gcosBwZ^-eA») 

and its corresponding field strength 

G»v = d»W„ - dyW» - g[W^ W„], (14.19) 

or, in component form, 

G% = d^Wt - dyWl + g eabc W^Wt. ( 14.20) 

It is convenient to decompose the SU(2) field strengths according to 

GM„ = \\f2iG\y T G\v} 

= dEMW± - dEMW£ ± ig cos 0w(W±Zv - WfZ»), (14.21) 

G\u = cosdwid^Z, - 0„Z M ) + sin M M * " M „ ) ~ *9(W+W- - W+W~), (14.22) 

where dEMW± = (ô„ T ieA^W*. The 17(1) field strength becomes 

G^v ^d^B» — dvBp 

= cos dw{dftAu - dvA^) - sin Owip^Z^ — dvZ^). (14.23) 
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In terms of the above field strengths the gauge field Lagrangian is equal to 

£G — — •^G'ILI/G v.» — \G ^G ^v - jG pUG\IU. (14.24) 

The quadratic terms in (14.24) read 

Co = - K W J " ~ àvW+){d^W~ - duW-) - K ^ Z , - dvZtf - I(ÔMA„ - ÔvArf. (14.25) 

Note that the normalization factor for the W-fields is different, because W* is complex. The 

normalization convention for real and complex fields was already discussed in sections 1 and 2. 

In addition there are cubic and quartic gauge field interactions. The electromagnetic interactions 

follow from replacing the derivatives on the charged fields W^ by the covariant derivatives d^M 

denned above. In addition there is an interaction with the photon field wich is separately gauge 

invariant and follows from (14.22). It gives rise to a magnetic moment for the W, and is equal 

to 

£ m a « = ieidpA,, - dl/All)W
+fi W~u. (14.26) 

To find the masses of the W^ and Z M bosons we examine the Lagrangian for the scalar 

field <f>, 

Ct, = -\Dp4W (14.27) 

where the explicit form for the covariant derivative on 4> is equal to 

/ 0 „ - ieA„ - i i ^ c o s " 1 9W(1 -2s\n2 6w)Zli -\y/2igW+ 

\ - \V2 igW- dp + \ig cos" 1 0WZU. 

• (14.28) 

Substituting this result into (14.27) we find 

C* = -W.P? ~ h 2 cos" 2 6WP*ZI - \g2P2\W+\>. (14.29) 

We can now read off the masses of the W and the Z bosons after combining (14.25) with (14.29) 

and substituting p = v, 

Mw = \gv, Mz = ! — ^ - . (14.30) 
1 z cos 6w 

This leads to the well-known relation 

Mw 
= cos9W- (14.31) 

Mz 

The gauge boson couplings to the fermions follow directly from substituting covariant deriva

tives into the free massless Dirac Lagrangians, 
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Cj = - ipLPi>L - PRPPR - nRpnR 

= ~ ^LHL - PRPPR - nRPnR 

, N (14-32) 
+ ±V2ig(W- nL-i»pL + W+pL^nL) 

cos aw \ / cosOw 

where we have used (14.17) and the definition 

d. = d„ - ifeA, - gzfi^-)Q™. (14.33) 
V COS OW / 

The Fermi coupling constant GF is defined by the strength of the four-fermion coupling 
caused by the exchange of a charged intermediate W-boson in the limit of zero momentum 
transfer. In this model its value is given by 

GF 
K!N/2S) 2 

V2 4 M*w 

1 
~ 2u2 

e 2 

Mw s i n 2 ^ - ( U - 3 4 ) 

We now discuss the generation of fermion masses in this model. Mass terms are constructed 
from the product of a right-handed and a left-handed fermion field. However, the right- and left-
handed fermions belong to different SU(2) representations, so that a direct construction of an 
invariant mass term is excluded. Therefore the only way for the fermions have to acquire masses 
is via a Yukawa coupling of the scalar doublet tf> to products of a right- and a left-handed fermion 
field. Expanding <f> about v will then lead to fermionic mass terms. In order to construct the 
necessary Yukawa couplings we first form two left-handed SU(2) singlets, fa and fa, by taking 
the invariant products of V>L with <f>, 

fa = 4>*ai>La =<f>iPLJr 4>l nL, 

fa = -€ab<j>a^u = -fa nL + fa pi. 

Using the parametrization (14.6) these singlets take the following form 

V>l(*)= -^p(x)nL(x), 

M x ) = -^P(Z)PL(X). 

Under U(l) fa and fa transform as 

fa -+fa = eHii-<iH faj 

fa -+fa =eH ? 1 + 9 ) *V2-

(14.35) 

(14.36) 

(14.37) 

We can now construct two invariant Yukawa couplings, if we assume the following relations 
among the U(l) coupling constants, 
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92=91 + 9, (14.38a) 

ç 3 = 9i - 9- (14.39a) 

The corresponding invariants are, respectively, 

£p = -y/2GppRrl>2 + /i.e., (14.386) 

Cn = -s/2GnnRtl>x + /i.e., (14.396) 

which, using (14.36), can be written as 

Cp = -GpppRpL + h.c., (14.38c) 

Cn = —GnPURUL + h.c. (14.39c) 

The coupling constants Gp and Gn can be chosen real by absorbing possible phases into the 

definition of pR and nR. Expanding p(x) about the constant v then gives rise to the following 

expression for the masses 

mp = Gpv, mn = Gnv. (14.40) 

Combining (14.3) and (14.40) it follows that, 

Gp,n = y/y/2GFmPtn, (14.41) 

which shows that the Higgs field p couples weakly to the fermions and also that its coupling 

is proportional to the fermion mass. Consequently Higgs bosons are expected to couple more 

strongly to heavy flavours. 

Let us now briefly discuss the two versions of this prototype model. In its leptonic version p 

and n correspond to the neutrino and its corresponding lepton, respectively. The right-handed 

neutrino is assumed to decouple from the other particles as a free massless field. Therefore 

one ignores the Yukawa coupling £p and the corresponding restriction (14.38a), and chooses 

92 = 0. The model then depends on three independent gauge coupling constants qi,6\v, and g. 

As follows from (14.16) the requirement that the (left-handed) neutrino is electrically neutral 

forces one to choose q\ = —q. The condition (14.39a) then leads to 93 = —2q. Consequently, 

the left-handed leptons have Y = - 1 and the right-handed lepton has Y = —2. 

The hadronic version of the model requires the presence of both Yukawa couplings in order 

to generate masses for both the quarks corresponding to p and n. Because of the two restrictions 

(14.38a) and (14.39a) we have again three independent gauge coupling constants, say, qi,0w, 

and g. Since the mass terms (14.40) and (14.41) are invariant under electromagnetic gauge 

transformations the coupling of the photon must be purely vectorlike. This can be verified 

explicitly by using (14.16), (14.38a) and (14.39a). The charges of the two quarks are equal to 

\e{q\lq + 1) a n < l \e(qi/q — l)- The choice 91 = ^q leads to the desired quark charges | e and 

— | e , and also implies q<i = iq, 93 = —19. Therefore the left-handed quarks have Y = \, and 

the right-handed quarks have Y = | and Y = — | 

Let us now consider this model coupled to a full generation, i.e. to a lepton pair and 

three (because of colour) quark pairs. An important property of this fermion configuration is 
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that, provided we make the weak-hypercharge assignments for leptons and quarks that we found 
above, this model is anomaly-free. By anomaly-free we mean that certain divergent Feynman 
diagrams, consisting of fermion loops with external gauge fields, that are known to spoil the 
renormalizability of the theory, are absent (or, at least, their leading divergence cancels). For 
the model at hand, it is only the £7(1) gauge field coupling that may lead to difficulties. In order 
to eliminate the anomaly, we must satisfy two conditions. According to the first one, the sum 
of the hypercharges of the left-handed fermion doublets must equal the sum of the hypercharges 
of the right-handed doublets. Since there are only left-handed doublets, we must have 

E Y = 0. (14.42) 
fermion 
doublets 

According to the discussion above, a lepton doublet has Y — — 1, and a quark doublet has 
Y = | . Since a generation contains three quark doublets, the hypercharges add up to zero in 
agreement with (14.42). 

The second condition states that the sum of Y 3 for all the left-handed fermions must equal 
the sum of Y 3 for all right-handed fermions, 

E y 3 = E y3- ( 1 4 - 4 3 ) 
left—handed right—handed 

fermions fermions 

According to the hypercharge assignments, the leptons contribute 2(—l) 3 to the left-hand side 
and (—2)3 to the right-hand side of (14.43). For each quark colour, the corresponding contribu
tions are 2 ( | ) 3 and ( | ) 3 + (—|) 3 , respectively. With these values it is easy to verify that also 
(14.43) is satisfied, 

2 ( - I ) 3 + 2 ( I ) 3 = ( - 2 ) 3 + 3 ( ( | ) 3 + ( - | ) 3 ) . (14.44) 
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K. Huang, Quarks, leptons and gauge fields (World Scient., 1981) 
F. Mandl and G. Shaw, Quantum field theory (Wiley, 1984) 
C. Quigg, Gauge theories of the strong, weak and electromagnetic interactions (Benjamin, 1983) 
J.C. Taylor, Gauge theories of weak interactions (Cambridge Univ. Press, 1976) 
B. de Wit and J. Smith, Field theory in particle physics, Vol 1 (North-Holland, 1986); part of 
the material in these lectures is based on the forthcoming Volume 2 
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ABSTRACT 

I present a series of introductory lectures on different topics which involve 
generalizations of the standard model. This include a brief discussion of non-
perturbative approaches ( Technicolor, t-t condensates, compositeness...) as well 
as an introduction to topics like rz-masses, grand unification models and their 
supersymmetric generalizations. The construction of the Minimal Low Energy 
Supergravity model is discussed in some detail and the experimental constraints 
on supersymmetric particles are reviewed. Finally, some general aspects of Su-
perstring unification are briefly presented. 

Lectures presented at the 1990 CERN School of Physics, Mallorca, Spain, 
16-29 September 1990. 
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1) THE STANDARD MODEL A N D ITS PUZZLES. 

Let me start, as usual, by repeating for the n-th time (n —• oo) how well 

the present experimental data is described by the standard model (SM). This 

is specially impressive after LEP and SLC have started to carefully check the 

energy region corresponding to the Z° mass. Should we content ourselves with 

this beautiful description of the data or should we try to go beyond? As I will 

discuss in these lectures, there are still too many mysteries in the SM for us to 

be so self-satisfied. The present version of the SM provides us (at most) with an 

impressively efficient field theory parametrization of the data. But the number of 

independent input parameters (Yukawa couplings, gauge couplings, KM phases 

etc) remains too large for a physicist to feel comfortably happy. 

There are essentially three kind of puzzles in the standard model: 

i) Why is the SM the way it is? 

ii) Why are the couplings and mass parameters what they are? 

iii) The fine-tuning problems. 

Let us recall what is the fermion content of the SM and the quantum numbers 

of each of the three generations with respect to SU(3) x SU(2) x Î7(l) : 

QL = (U,D)L^ (3,2,1/6) 

U2 - ( 3 , 1 , - 2 / 3 ) 

I>£ - (3,1,1/3) (1) 

i E ( V | r ) £ - 4 ( i , 2 , - i / 2 ) 

£ ? - (1,1,1) 

Altogether each generation contains 3x2+3+3+2+1=15 Weyl spinors with 

the above quantum numbers. A crucial property of the SM is the "chirality" of 

the fermion spectrum i.e. the left-handed and right-handed quarks and leptons 

couple differently to the gauge interactions (the right-handed quarks and leptons 

do not couple to SU(2)L, the charged weak interactions). From the mathematical 

point of view this means that the group representation of each family (i.e. the 
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quantum numbers in (1) ) is complex, e.g. there are no left-handed quarks with 
(3,2, —1/6) quantum numbers. 

Chirality has the important consequence that as long as 517(2) x 17(1) remains 
unbroken quarks and leptons remain strictly massless. This is obvious because a 
mass term for a fermion / is given by 

mfRfL+ h.c. (2) 

where fi(R) = ( l±7s) /2 / , and a term like (2) is not invariant under SU(2)xU(l) 
(instead of being a singlet it transforms as a doublet). In order to give masses to 
fermions, one must break SU(2) x £7(1) spontaneously. If there is a Higgs field 
H with couplings like 

hHfRfL + h.c. (3) 

the fermions get masses m ~ h < H > once H gets a vacuum expectation value 
(vev). 

Why is the fermionic sector of the SM chiral? Well, a possible answer is 
given by Georgi's "survival hypothesis [1] ". It says : " all fermions get the 
maximum mass consistent with the gauge symmetries of the theory". In a theory 
which is not chiral ("vector-like") the fermions always come in complex conjugate 
pairs (# + ^ ) and then one can always write for them a standard Dirac mass 
term m^f^ -f h.c.. Then if there is a large scale (e.g. unification or Planck mass) 
with some non-trivial dynamics, the idea of the "survival hypothesis" is that all 
such non-chiral fermions will tend to get large masses and disappear from the 
low energy spectrum. Only chiral fermions (like those of the SM) could remain 
massless down to low energies: the SM is chiral because otherwise there would 
be no SM fermions at all ! 

Another important feature of the quantum numbers in (1) is the peculiar 
hypercharge assignments. The charge Q and the diagonal generator of SU(2)i, 
Tz are related to the hypercharge Y by 

Q = T3 + Y (4) 

The precise hypercharge assignments in (1) are crucial in order to obtain the 
well-known charge quantization property, i.e. the fact that e.g. the charge of 
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the d-quark is one third of the charge of the electron (or, equivalently, why the 
proton and positron have the same charge). Classically there is no theoretical 
reason why the hypercharges should take the peculiar values in (1) . 

In fact one can convince oneself that charge quantization is required by the 
quantum consistency of the theory, i.e. the absence of gauge anomalies [2] . 
Gauge theories with chiral fermions (like the SM) have potential problems (break
down of unitarity of the S-matrix) with the existence of linear divergences in 
"triangle graphs" of the type shown in fig.l. 

Gluon 

Gluon 

i) 

Gravifon 

Graviton 

iii) iv) 

fig.l 

The triangle graphs involving the hypercharge gauge boson are shown in the 
figure. Let us suppose now that we knew the SU(3) x SU(2) quantum numbers 
of the quarks and leptons in a family (as in (1) ) but we did not know the 
hypercharge assignments. Consider giving them arbitrary real values e.g. 
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Y(QL) = «, Y(U?) = b, Y{DC

L) = c, Y(L) = d, Y{EC

L) = e (5) 

Each of the graphs in fig.l is proportional to 

t )3a( l /2 ) + <f(l/2) 

it) 2a(l/2) + 6 ( 1 / 2 ) + c ( l / 2 ) 

in) 6a 3 + 363 + 3c 3 + 2d 3 + e 3 

iv) 6a + 36 + 3c + 2d + e 

For example, the first term in i) is the contribution of Qi to the triangle 
loop (factor 3 for three colours, a factor "a" from the F-boson coupling and 
a factor 1/2 = tr(Tz)2 from the coupling of two Ws), whereas the second is 
the contribution from the left-handed leptons L. The required cancellation of 
anomalies implies that all i) — iv) contributions must vanish. Since an overall 
normalization is irrelevant, we may choose e.g. Y{E<£) = e = 1. Then the reader 
can easily verify that the only solution allowed is 

a = 1/6, b = - 2 / 3 , c = 1/3, d = - 1 / 2 , e = 1 (7) 

i.e. the assignments given in (1) are dictated by the absence of anomalies and 
so is charge quantization. Notice that the graph iv) involves gravitons. If this 
particular anomaly was present, either gauge invariance or general covariance 
would be lost. The presence of this type of mixed gauge-gravitational anomaly 
was described in ref. [3] , [4] and only recently [5] , [6] , [7] has its importance 
in deriving charge quantization from anomaly cancellation (without using any 
grand unification argument) been remarked. 

The "survival hypothesis" and the cancellation of anomalies allows us to 
understand some of the general properties of the SM. Many others remain still 
unclear. For example, why is the gauge group SU(Z) x SU(2) x £7(1) and not 
other? There are not that many non-trivial gauge groups admitting matter which 
is both chiral and anomaly free, and the reader can convince him(her)self that 

* Here one assumes that the anomaly cancellation takes place family by family. 
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the SM is one of the simplest possibilities. The second type of SM puzzle is 
related to our lack of understanding of the precise values of the SM parameters. 
First, the values of the gauge coupling constants gz,g2,gi- The ratio gi/g2 is 
related to tgd\y and experimentally we know that g\ and #2 have the same order 
of magnitude whereas g$ (measured at a scale ~ M\y) is only a factor ~ 2 — 3 
bigger. Within the SM, #1,2,3 at any given mass-scale are arbitrary constant 
parameters. We would like to understand why they are what they are and also 
why they all are not very different from unity. 

Something similar happens with the quark and lepton masses and mixing 
angles. In the SM they are given by the Yukawa couplings, whose origin remains 
unclear. The quark-lepton masses in GeV are shown in table 1. 

Leptons : e - > 5 x 10~4 u —+ 1.0 x 1 0 - 1 

D-quarks: d - • 7 x 10" 3 s - • 1.5 x 10" 1 

U — quarks : u - » 4 x 1 0 - 3 c —» 1.2 

Table 1 

One can observe three peculiar features of the spectrum. 

i) The quark-lepton masses are, in general, very small compared to the natural 
scale of the masses in the SM. Since all masses are obtained through vev's of the 
Higgs field H, one would expect that the natural scale should be ~ M\y ~ #2 
< H >. This is only the case for the top-quark. 

ii) There is a hierarchy of masses amongst the generations (third heavier than 
the second, which is heavier than the first). 

iii) Quarks in each family are heavier than the corresponding leptons. 

To these general properties one has to add another important piece of infor
mation: 

iv) The Cabibbo-Kowayashi-Maskawa (CKM) mixing matrix is, to a good 
approximation, close to the unit matrix [8] : 

r -> 1.8 

b-*4.5 

t ^ > 8 9 
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0.97 0.22 (3 - 9 ) 1 0 - 3 ^ 

|V| = | 0.22 0.97 (4 - 6)10~ 2 

> ( 9 - 2 2 ) 1 0 ~ 3 ( 4 - 6 ) 1 0 - 2 0.99 J 
(8) 

The biggest off-diagonal element is sin$c ^ 0.22. We also would like to 
understand the origin and magnitude of the KM phase. 

The third type of SM puzzles are what we call "fine-tuning" problems because, 
unlike the second type of puzzles, it is not simply that we do not understand 
the measured experimental values. The problem here is that the theoretical 
expectations are many orders of magnitude different from what the data seem to 
imply. Some new physics seems to be required. 

2) THE FINE-TUNING PROBLEMS 

Sometimes, in order not to be in open discrepancy with experiment, a param
eter of the SM has to be fixed artificially to a very small value ("fine-tuning"). 
Typically, even if we fix one of those parameters at the tree-level to a small value, 
loop corrections (and also non-perturbative effects) tend to spoil the original fine-
tuning. One then says that one has a "naturality problem" ; it is unnatural having 
to do this fine-tuning order by order in perturbation theory. One can give a def
inition (t'Hooft) of when a parameter is unnatural [9] : 

"A small parameter is unnatural unless the symmetry is increased 
by setting it equal to zero " 

Also, in some cases, although the symmetry is increased by setting the pa
rameter equal to zero, the required symmetry is unacceptable due to other phe-
nomenological requirements. 

Three difficult naturality problems are present in the SM: the strong-CP 
problem, the "gauge hierarchy" (or "naturality" or "mass") problem and the 
"cosmological constant" problem. Let us discuss them in turn. 
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a) The strong-CP problem 

Non-perturbative (instanton) QCD effects generate an effective purely gluonic 
piece in the SM Lagrangian [10] 

L» - s s ^ " ( 9 ) 

where F^ is the QCD gauge field strength and F^ is the dual (F^ = e^p^F?*). 
This type of Lagrangian may be written as a total divergence, and hence one 
would naively drop it from the action. However, one cannot do that in the 
presence of classical solutions (the QCD instantons) with non-trivial topological 
structure. The Lagrangian in (9) violates parity (P) and CP. This is easy to 
see since F^ F^v contains terms of the form (E.B), where E(B) is the "chromo-
electric (magnetic)" field. B is invariant under parity reflections whereas E is 
not and hence FF is P-odd. Since we know that in conventional field theory the 
product CPT is necessarily conserved, one sees that FF violates CP by showing 
that it violates T (time reversal). This is the case because E is invariant under 
T but B changes sign (a a charged particle moving backwards in time creates 
opposite magnetic field). Now, the Lagrangian in (9) violates CP and, on the 
other hand, since this interaction is purely gluonic one expects that the effective 
coupling "#" should be of the order of the QCD coupling constant, i.e. $ ~ g$. 
This in turn generates CP-violating strong interactions involving hadrons (e.g. 
T - N — N* CP-violating couplings). 

The most sensitive test for the existence of those effects is the measurement 
of an electric dipole moment of the neutron dn. This appears as the coefficient 
of a n-n-7 form-factor transition of the type 

d^nc^nF/") (10) 

where F^" is now the electromagnetic field strength. The presence of the 75 ma
trix makes all the difference with the standard magnetic moment of the neutron. 
One can check that the non-relativistic limit of (10) is proportional to ~ (<?~E), 
where a is the neutron spin and E is the electric field. This term violates CP 
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since a changes sign under time reversal (as any angular momentum) but Ê does 

not. A diagram like that in fig.2 

* N TT 

1 N 

n %==k n 
N* 

fig. 2 

where the big blob indicates the CP-violating strong interaction generated by Lg, 

would give a contribution to dn of order ~ 1 0 - 1 6 e.cm. The present experimental 

results yield [11] , [12] 

dn = (-1.4 ± 0.6) x 10~ 2 5 e.cm. (Leningrad) 

dn = ( -0 .3 ± 0.5) x 1 0 " 2 5 e.cm. (Grenoble). (11) 

This implies that the ^-parameter has to be 

6< 2x 1 0 - 1 0 (12) 

in order to be consistent with experiment. This is the strong-CP problem. Why 

is B so small? One would expect $ ~ </3 ~ 1. Why is it at least ten orders of 

magnitude smaller? 
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A lot of work and ingenuity has been devoted to solving this problem in the 
last 15 years or so. It goes beyond the scope of these lectures to give a review of 
those attempts. Let us just give an intuitive idea of one of the most attractive 
possibilities proposed, the axion solution. 

The idea is to modify the standard model in such a way that a pseudoscalar 
field a(x) (the axion) acts as a dynamical ^-parameter i.e., the axion has a cou
pling 

L° = 7$s?*~F>' < 1 3 > 
and a kinetic term, but no other couplings (to start with) with matter. The 
mass parameter fa (axion decay constant) measures the strength of the axion 
coupling. In this scheme, originally proposed by Peccei and Quinn [13] , [14] 
the pseudoscalar field a(x) is the (pseudo-)Goldstone boson of a spontaneously 
broken global U(1)PQ symmetry. This global symmetry is such that there is a 
U(l)pQ-ghie-glue anomaly, as in the triangle anomalies discussed in the previous 
section . This fact implies the generation of an axion-glue-glue coupling as in 
(13) . Classically the axion has no scalar potential ( V(a) = 0); it is thus a massless 
particle. When non-perturbative instanton effects are included, a potential of the 
qualitative form 

V(a) ~ (1 - cosa) (14) 

where â = a + 6, is induced. This potential is minimized for < â > = 0 and since 
the overall coefficient of eqs. (9)+(13) is < â >, one finds that the dynamics 
of the theory naturally chooses to cancel the 6 term. This is certainly quite an 
elegant mechanism. 

As usual, the price one has to pay is that an extension of the SM is required 
(the SM does not admit by itself a U(1)PQ symmetry). One needs to add an 
extended Higgs sector (either extra Higgs-doublets or extra singlet scalars or 

* In the present case the anomaly is harmless because U(l)pq is a global, not gauged, 
symmetry. 
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both) . The non-perturbative effects give a mass to the axion 

rna~mT-j- (15) 

where the axion decay constant fa is also the scale at which the global U(\)PQ 

symmetry is spontaneously broken. mT and / T are the masses and decay con

stants of the pion. Up to now, direct searches for the axion at accelerators have 

been fruitless and the possibility that the scale fa is associated to the weak in

teractions scale [14] seems to be ruled out. In fact there are cosmological and 

astrophysical bounds 

1 0 1 0 G e V < fa < 10nGeV. (16) 

The lower bound comes from the fact that for lower fa red giants would overcool 

through axion emission and would not be able to produce the nuclear reactions 

needed for their stability [15] . It also comes from the fact that the neutrinos 

from the supernova explosion SN1987A did arrive on the Ear th (for smaller fa 

axions would have advantageously competed with neutrinos [16] ). The upper 

bound is not astrophysical but cosmological. For fa > 10 1 2 GeV there would be 

too much energy in the universe stored in axions and that would overdose the 

universe [17] . 

We see from (16) that , to the extent one trusts the astrophysical and cos

mological arguments (and they look quite serious), there is only a small window 

of values left for fa. This make some physicists think that there is something 

wrong with this axion solution, it seems quite an elusive idea. Notice also tha t , 

due to the very large value of fa, this type of axion couples in an extremely weak 

manner to mat ter (it couples like mq/fa) and that is why these types of axions 

are called "invisible" [18] . 

Several other alternative solutions to the s trong-CP problem have been pro

posed. An interesting possibility which is perhaps less elegant than the axion 

solution but might have a bet ter chance of being correct is the following two-

step recipe: i) Find a theory in which 0 = 0 at the tree-level to start with, ii) 

Check that radiative contributions to 6 are small enough ( < 1 0 ~ 1 0 ) . The lat ter 

condition is not trivial since there must be a sector in the theory which gives 
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rise to the observed (K-M) CP-violation. Then loop effects may yield too large 
a contribution if one is not careful enough. Approaches of this type have been 
considered in ref. [19] . 

b) The mass ("naturality") problem 

In the standard electroweak model all masses of particles are given by the 
non-vanishing vacuum expectation value of the Higgs field, < H > = v ^ 0. The 
precise value of this parameter v results from the minimization of a classical 
scalar potential 

V(H) = fi2H*H + \(H*H)2. (17) 

One finds for the symmetry-breaking minimum that 

»2 = -fx < 1 8> 
which requires a negative fj.2 in the potential. In practice what one does is to 
choose the ratio ^- in such a way that the observed values of Mw and Mz are 
reproduced. Thus one just puts by hand |/z| ~ Mw and that is all. However 
the value of fj.2 is highly unstable under radiative corrections. Graphs like those 
in fig. 3 produce quadratically divergent contributions Sfi2 ~ ^ A 2 , where A is a 
cut-off (regulator). If one insists in setting the renormalized value of |/i| ~ Mtv, 

H r n - n _i H 

9 g " ' " f 
a) M 

c) 

fig.3 
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one has to do, in the process of renormalization, a fine-tuning between the initial 
("bare") fi2 and the term 6fi2. Of course, one could say that this is just the usual 
renormalization recipe; there is nothing wrong with this. However, typically, if 
one includes in the theory a large scale associated to new physics (e.g. the scale 
where gravity becomes strong, the Planck mass Mp ~ 10lsGeV or the grand 
unification scale Mx), there are similar enormous contributions to fj? in which 
instead of the cut-off A one has the corresponding large scale (Mp, Mx, etc.). The 
scalars have a tendency to get masses of the order of the largest mass scale in the 
game, and are not protected against radiative corrections [9] , [20]. Notice that 
scalars are special in this respect. The gauge boson masses are protected from 
this phenomenon by gauge invariance. The fermions are protected by "chirality": 
one can see that in the standard model any contribution to a fermion mass 
renormalization is proportional to the original bare mass, 8mF ~ ^ m F ° ! and 
thus vanishes if originally m / = 0. Thus a massless fermion remains massless 
even after radiative corrections. Only the scalars present this instability. 

The conclusion of this is that one has to mantain artificially the value of 
\n\ ~ Mw by fine-tuning by hand, e.g. \fx\/Mp ~ 10~ 1 6 . This is obviously very 
unattractive and is considered to be a naturality problem inherent to the simplest 
SM: setting \(x\ ~ 0 does not increase at all the symmetries of the SM. 

c) The cosmological constant problem. 

This problem appears when we consider the combination of the standard 
model and gravity. The point is that in the particle physics theory the value of 
the vacuum energy is non-zero. See, for example, the potential in eq. (17) . At 
the minimum (eq. (18) ) one has 

V m , ' n = _ 4 A " 7 É 0 - ( 1 9 ) 

Even QCD by itself leads to a non-vanishing vacuum energy: in the process of 
chiral symmetry breaking, non-vanishing quark condensates < q~RqL >i=- 0 give 
rise again to vacuum energy contributions. Now, in the absence of gravity the 
origin of vacuum energies is purely conventional and one can just shift the origin 
of energies to get an overall vanishing vacuum energy. However, in the presence 
of gravitation any kind of energy becomes dynamical and the vacuum energy 
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appears as a constant term (the "cosmological constant") in the gravitational 
equations of motion: 

W - ^Rg»" = -8irGN < T"" > = -8i:GNVmin g"" (20) 

where R is the scalar curvature, RM" is the Ricci tensor and T**" is the energy 
momentum tensor whose classical value is just given by the vacuum energy (the 
energy of the scalar potential at the minimum). Thus a vacuum energy has a 
dynamical effect on the space-time curvature [21] . If one plugs ,e.g., the result 
of eq.(19) in eq.(20) the result would be cosmologically inadmissible: the uni
verse would be unbelievably curled and small and not almost flat, as is presently 
observed. Present observations of the expansion rate of the universe require 
Vmin/Mp2 < 1 0 ~ 5 5 c m - 2 , to be compared with Vmin/Mp2 ~ 10~ 6cm~ 2 from eq. 
(19) . This is ~ 50 orders of magnitude smaller than expected ! This certainly 
holds the world record on disagreement between theory and experiment. The 
cosmological constant problem also holds the record for the craziness of the pro
posed solutions, none of them being extremely compelling. It is probably the 
most difficult problem in Particle Theory, and one really has the impression that 
we are missing a fundamental ingredient. It could well just be a badly-posed 
question. 

The strong-CP and gauge hierarchy problems seem more tractable and we 
have already mentioned above some possible avenues to solve the first. Con
cerning the gauge hierarchy ("naturality") problem, several possibilities have 
also been suggested which can be divided essentially into two types: i) Non-
perturbative composite scenarios, and ii) Perturbative solutions (= Supersym-
metry). We discuss the first approach in the next section and study in detail the 
supersymmetry alternative in sections 7-11. 

3) THE COMPOSITE SCENARIOS 

The idea here is to assume that there is a deeper layer of compositeness in 
Particle Theory, i.e., some or all of the particles are composed of more funda
mental particles (sometimes called "preons"). The scale of compositeness A c is 
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generally assumed to be just above the weak scale (Ac ~ 1 — 10 3TeV). Then the 
contribution of the graphs in fig.3 is naturally cutoff at Ac (Sfj.2 ~ jjrAc 2), since 
beyond that scale one would have to include in the computation the effect of the 
new, more fundamental, degrees of freedom. 

a) The Technicolor idea 

Perhaps tthe most atractive idea of this type is technicolor [22] . In these 
theories the Higgs bosons are composite bound states but the rest of the observed 
particles are still elementary. The idea is to assume the existence of a new non-
Abelian (confining) gauge interaction GT with interactions stronger than those of 
QCD and with a confining scale A^ (the analogous of the A-parameter of QCD) 
of order 1 TeV (see fig.4). 

COUPLING 

'W A T * l T e V 

fig-4 

The ordinary quarks and leptons do not couple to technicolor, but there are 
extra fermions ("techniquarks") which feel the new strong interactions and form 
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bound states at a scale ~ A7- ~ 10 GeV. The minimal such model includes 

SU(2)L doublets of fermions ^Li, ^Ri (*' = 1,2 are SU(2)I+R indices, a is a 

technicolor index). In analogy with the quark condensates (e.g. < URUL > ^ 0) 

which occur in standard QCD, one assumes that techniquark condensates appear 

etj < *LÎ*Ra

} > = A T

3 Ï 0. (21) 

The original global SU(2)RXSU(2)L symmetry associated to the originally mass-

less techniquarks ^1, $ R is spontaneously broken by those condensates to the 

diagonal SU{2)L+R global symmetry. Since the original symmetry had 3 + 3 = 6 

generators and the final residual SU(2)L+R symmetry only three, three (= 6 — 3) 

massless Goldstone bosons appear in the spectrum. They constitute the longitu

dinal components of the W+, W~ and Z° bosons which then become massive as 

in the standard Higgs mechanism. 

This mechanism for 5£7(2) x U(l) breaking looks like an attractive possibility 

since it is a dynamical one which does not require the introduction of a Higgs 

scalar with an ad-hoc potential (eq. (17) ) with an ad-hoc negative fj,2 parameter, 

and provides us with a solution to the "hierarchy problem". Unfortunately at this 

level the quarks remain massless and we have to find a mechanism by which they 

may get their observed masses. The techniquarks themselves have dynamical 

masses of order A T (analogous to the constituent quark masses ~ 300 MeV of 

QCD but scaled up by a factor 104) and the problem is how these masses of the 

techniquarks could induce (e.g. via radiative corrections) a mass for quarks and 

leptons. 

An interesting idea [23] is to introduce yet more extra new gauge interactions, 

"Extended Technicolor" (ETC). The idea here is that the gauge bosons of ETC 

must be able to connect the quarks and leptons with techniquarks. 
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If that is the case, there will be one-loop graphs as in fig.5. 

ETC gauge boson 

qL c y ^ T — q * 
< Y L Y R > * 0 

fig.5 

in which the exchange of an ETC gauge boson transmits the "massiveness" ("chi-
ral symmetry breaking") of the techniquarks to the quark and lepton world. This 
type of diagrams give masses 

— ffefc <w 
to quarks and leptons. Although in principle this is a nice idea, it is very difficult 
to implement in practice. Notice that, since we know that in the SM the quark 
mass matrices are not diagonal in flavour space (when we diagonalize them the 
CKM-mixing appears ), the ETC gauge bosons are able to change flavour. This 
turns out to be very dangerous since then the ETC bosons will in general induce 
flavour-changing neutral currents (FCNC) giving rise to unadmissibly large rates 
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[24] for decays like K° —• /J.+fJ.~ , K° <->• K° and even lepton-violating processes 
like fj. —* e-y. Furthermore, the ETC gauge bosons do couple to both quarks and 
leptons and there is also a risk of having baryon and lepton number violation if 
one is not sufficiently careful in building one's model. The ETC models do in 
general have a large number of techniquarks (not only $R, \I>I SU(2) doublets as 
in the simplest case above, but e.g. complete SU(3) x SU(2) x £7(1) generations 
which in addition couple to the technicolor interactions). In this case, the origi
nal global symmetries of the theory are bigger than SU{2)i x SU{2)R and, when 
the technifermion condensates form and break these global symmetries, there ap
pear many Goldstone bosons (not only the 3 Goldstone bosons swallowed by the 
W"1", W~ and Z°) which remain light below the AT scale. However, these extra 
Goldstone bosons are not exactly massless since they get radiative contributions 
to their masses from the SU(3) x SU(2) x £7(1) interactions (they are not really 
Goldstone bosons but "pseudo-Goldstone" bosons). Still, many of them should 
have been light enough to have been observed at present accelerators (specially 
LEP and SLC), which is not the case. 

All these problems make very difficult the construction of a realistic ETC 
model and caused a decline in the enthusiasm for this type of theories. More 
recently attempts have been made to avoid the large FCNC rates present in the 
models by assuming a special non-conventional behaviour of the technicolour and 
ETC beta-functions ("walking-technicolor" models [25] ). 

b) Top quark condensate 

Recently the possibility has been raised [26] , [27] that the Higgs particle 
may be a bound state not of some new degrees of freedom (techniquarks) but of 
the yet unseen top-quark. The CDF collaboration [28] gives a lower bound for 
the latter m* > 89 GeV, whereas the LEP data allows a check of the one-loop 
corrections of the electroweak parameters (A/9, Ar, A«) implying [29] 

mt = 142 tU ± 2 0 m „ . (23) 

where 2 0 m H indicates the error coming from the uncertainty in the Higgs mass. 
One may argue that the top quark is so heavy because it is special ; it plays a 
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role in the process of SU(2) x U(l) breaking, i.e. perhaps a vacuum expectation 

value 

< htR >ï 0 (24) 

is the origin of the SU(2) xU(l) breaking. In the realizations of this idea recently 

considered [26] , [27] one assumes there is some "new physics" scale At at which 

a four-fermion interaction of the type 

Gt(tLtR)(tRtL), (25) 

analogous to the "Nambu-Jona-Lasinio" model [30] of nucléon interactions con

sidered several decades ago, is created. Here Gt is a coupling Gt ~ 1/At2. A 

self-consistent "gap-equation" leads to [27] 

which relates the new physics cut-off A*, the four-fermion coupling constant and 

the top-quark mass m*. Here Nc is the number of colours. One can show that 

for a certain range of values for Gt an interaction as in eq. (25) gives rise to 

spontaneous symmetry breaking of the chiral symmetry (as techniquarks also 

do) and massless Goldstone bosons corresponding to the longitudinal degrees 

of freedom of W+,W~ and Z° appear. There is also a physical bound-state 

Higgs field with mass (neglecting SU(3) x SU(2) x Z7(l) radiative corrections) 

m H = 2m*. The W mass is related to mt by an expression of the type [27] 

The problem here is that, in order to obtain the experimental number for Mw, 

extremely large values for the cut-off A* are required in eq. (27) . For example, 

one needs At ~ 10 1 5 GeV in order to get mt = 165 GeV. If the value of At is 

so large a terribly delicate fine-tuning is required in eq. (26) between G^1 and 

At2. Thus there is a clear "naturality" problem in this approach, at least in its 

straightforward implementation. Furthermore, when one takes into account the 
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SU(3) x SU(2) x Î7(l) radiative corrections to the equations, one systematically 

finds very large values for mt : mt = 256 GeV (A* = 10 1 5 GeV); 330 GeV 

(A< = 10 8 GeV) etc. Such large values for mt are inconsistent with the measured 

value of the p-parameter, which is the main ingredient in the experimental result 

in eq.(23) . 

Although generalizations of this approach have been made including mass 

generation for the rest of quarks and leptons, many questions remain unanswered. 

What dynamics creates the original four-fermion interaction? How can we avoid 

that the same dynamics generate B and L-number violating four-fermion op

erators? How can we avoid the fine-tuning in eq.(26) ? Although the idea is 

attractive because of its economy (no new low energy particles are required) it 

remains to be proved that it is consistent with all phenomenological requirements. 

c) Traces from compositeness and technicolor. 

One of the outstanding difficulties in the compositeness scenarios is the lack 

of realistic viable models. Perhaps there is no such a realistic model because of 

the difficulties inherent in the non-perturbative dynamics required in composite 

models. In this situation it is perhaps worth trying to look for model-independent 

signatures of a composite structure. One of the expected generic features is the 

appearance of four-fermion interactions like those in eq.(25) but with a variety 

of quarks and leptons (instead of just the top) 

A2 -
L'ff = -j¥-(*aryb)(*cT*d). (28) 

Ac 

Here \&f- (i = a, b, c, d) are any of the known quarks and leptons, Y denotes possible 

independent combinations of 7-matrices, Ac is the compositeness scale and A 2 , ^ 

is a dimensionless coupling constant. These types of effective interactions are 

expected to arise from exchanges of heavy composite particles amongst the quarks 

and leptons. Depending on the symmetries of the underlying composite model, 

some of the terms in eq. (28) may vanish. Experimentally [8] , one obtains 

a variety of limits on ^btf/A-c depending on the different quarks and leptons 

* Contrary to the case of (25) , we are not assuming here that fermion condensations are 
taking place. 
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#, appearing in eq.(28) . Some of the limits are obtained from the absence of 

certain rare decays. Thus the observed proton stability tells us that an operator 

of the type (ëdûuc) has a coefficient Ac/A > 10 1 5 GeV, and the observed K° <-* 

K° mixing tells us that the coefficient of an operator (sdsd) has Ac/A > 400 

TeV. Other limits on the composite scale Ac are obtained at accelerators. For 

example, the absence of any deviation from the QCD prediction for the dijet 

cross section in hadronic collisions put limits on the coefficient of an operator 

of the type (qqqq). From the CDF data [31] one can obtain a limit Ac/A > 

0.95 TeV. Thus if a composite scale exists it is very likely to be above the TeV 

region. Similar (stronger) limits on Ac/A are obtained for operators of type 

( e + e ~ e + e ~ ) and (e + e~/i + /x~) from e + e ~ experiments (PEP-PETRA). Finally, 

at least intuitively, one expects that the existence of energy excitations of known 

particles (e.g. excited electrons e*) could be a common feature to many composite 

scenarios. In this case one expects typical decays of the form e* —• e-y to be a 

signature of compositeness. Limits for those excited particles do also exist. 

Another interesting approach is trying to use a general formalism [32] , [33] 

, [34] to describe the SU(2) x U(l) breaking process without committing our

selves to a particular model (the SM, the supersymmetric SM, technicolor, top-

condensates...). This means using a general effective Lagrangian analysis of the 

symmetry breaking process SU(2) x U(l) —* U(l)em,. This type of effective 

Lagrangians were used a long time ago in order to describe the dynamics of pi

ons and nucléons associated to the spontaneous breaking of the chiral symmetry 

SU(2)i x SU(2)R —* SU(2)I+R. These Lagrangians are only valid approxima

tions below the scale of symmetry breaking and depend on a finite number of 

coupling constants. Each specific candidate model (SM, susy-SM, technicolor...) 

corresponds to a different set of values for those parameters [34] . If we find 

a method to measure those couplings we could be able to rule out some of the 

possibilities. In fact it has been recently pointed out that one can compute the 

radiative contributions to electroweak parameters ( Ap, Ar, A K ) in terms of these 

effective Lagrangians [34] . With enough precision in the measurement of those 

quantities as expected in future LEP experiments one can provide new checks 

e.g. on technicolor models. Already present data can be used to rule out some 

models with a "large" symmetry-breaking sector (e.g. many technifermions) [34] 
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, [35] , [36] , [37] . In fig.5 such a type of test is shown in terms of two variables 

T and S [35] (related to the more standard ones Ap, Ar, A« ). 

fig-6 

In intuitive terms, T is the isospin breaking contribution to Ap from the 

symmetry breaking sector. S is a measure of the isospin-conserving contribution 

from that sector. 5 turns out to give a measure of the "size" of the SU(2) x U(l) 

symmetry-breaking sector. The ellipses in fig.6 show 90% confidence level ex

perimental limits (from LEP, ^-scattering, W mass and forward-backward asym

metry in b - b production at LEP) on the T - 5 plane [35] . The vertical lines 

correspond to the theoretical results for the SM (left-most), S£/(4)-technicolor 

with just one technidoublet and S£f (4)-technicolor with a complete generation of 

techniquarks (a new quark-lepton generation with additional 5C7(4) 4-plet quan

tum numbers). The asterix on those lines correspond to different values for m< = 

50, 100, 150 ,200 and 250 GeV. One observes that e.g. for mt= 150 GeV, the 

Sî7(4)-technicolor model with one technigeneration could be already ruled out. 

Perhaps the data already are telling us that the symmetry breaking sector cannot 

be too large ! 
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4) SURPRISES WITHIN THE S T A N D A R D MODEL? 

The possibility of finding surprising new physics even within the limits of 
the SU(3) x SU(2) x U(l) interactions is not excluded. For example, it has 
been recently pointed out [38] , [39] that non-perturbative (instanton) effects 
could give rise to large baryon-number (B)-violating cross sections in electroweak 
interactions. 

The origin of the B-violating effects is the fact that the SM Lagrangian is 
classically invariant under B but this global U(1)B symmetry has anomalies. The 
reader can check that there are no {7(l)s-glue-glue nor U(\)B — Y — Y triangular 
anomalies but there are U(1)B — W — W anomalies from the graph in fig.7, 

8 < L _ W 

fig.7 

in which the left-handed quarks circulate in the triangle loop. Again, these 
anomalies do not lead to any pathologies in the theory since C7(1)B is a global, 
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not a gauged symmetry. However, it shows that electroweak quantum effects 
can appear which will violate B-conservation. In fact a similar anomaly appears 
for the lepton number L which originates from the same diagram in fig.6 but 
with a lepton doublet circulating in the loop (instead of the left-handed quarks). 
The contribution of the graph is exactly the same in both cases so that the 
combination (B-L) is free of electroweak anomalies and it will be conserved: 
AB=AL. It was t'Hooft [40] who realized a long time ago that SU(2)i non-
perturbative (instanton) effects can give rise to B-violating effective interactions 
of the type shown in fig. 8 

fig.8 

The amplitudes necessarily involve the three generations, since for the in
stanton effects all three axe on equal footing and they also conserve B-L, for the 
reasons we sketched above. One expects a rate for these transitions 

\T\2 ~ e - 5 ~ e ^ ~ 1 0 - 8 0 (29) 

i.e. an exponentially suppressed amplitude, as in any quantum tunnelling effect. 
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This seems to indicate that this effect is numerically negligible. But there are 
a couple of situations in which they can become important: at high temperatures 
and at high energies. 

At high temperatures recent analysis shows [41] that the B-violating pro
cesses are no longer exponentially suppressed and there are classical SU(2) field 
configurations ("sphalerons" [42] ) which interpolate between vacua with differ
ent B-number. This is relevant for the cosmological generation of the observed 
baryon-antibaryon asymmetry in the universe, as we will mention in the next 
chapter. 

The situation at high energies (but zero temperature) is less clear. It has 
been pointed out that if in an electroweak process a large number (of order a^"1) 
of particles (Higgses, Ws etc.) is produced, the B-violating cross section induced 
by instantons can be large. This kind of process is depicted in fig.9 

q.i'* 

fig.9 
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RingwaJd and Espinosa estimated a cross section with behaviour 

o 2 £ 2 

otoi ~ e~^ x e *V (30) 

in which the exponentially suppressed factor in eq.(29) is compensated by a 
term which grows exponentially with the energy. To obtain such a situation 
a final number of particles of order n ~ ot2E2/Myy have to be produced in a 
localized region and hence the energy has to be appropriately high. It is estimated 
that the cross section would be small below a mass scale EQ ~ M\v/ot2 ~ 10 
TeV and then it grows exponentially untill it reaches the s-wave unitarity limit 
(~ 4:TT/EQ). If these large multiparticle cross sections are real, they would give 
rise to spectacular signatures in hadronic collisions (SSC and, perhaps, depending 
on the precise value of EQ, LHC) producing isotropic multilepton events. Trying 
to check experimentally if in those events B is violated would of course be more 
difficult. 

Although this possibility of having "strong weak interactions" at energies 
~ 10 — 100 TeV seems quite exciting, the theoretical computations done up to 
now are known to fail precisely at the energy scale ~ EQ where the interesting 
new physics starts happening. More theoretical work should be done before a 
definite conclusion is reached. 
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5) G R A N D U N I F I C A T I O N 

We will leave for the moment the problems associated to the SU(2) x £7(1) 
breaking process and introduce now the concept of unified theories of strong and 
electroweak interactions [43] , [44] . The idea may be motivated as follows [45]. 
Consider the gauge couplings of the SM at\,a2,a3 (ai = g^/4r) as measured at 
accelerators. It is well known that the size of the couplings depends on the scale 
at which they are measured ("running coupling constants"). Their value at a 
scale n is given by the one-loop renormalization group equations: 

<xi(n) oti(Mw) -ft*Mj£> (31) 

where 6t (i = 1,2,3) are the coefficients of the corresponding "beta-functions" 
and oti(Mw) are the measured values at a scale, say, ~ Mw- Using the measured 
values for a,(Mw) one gets an evolution with energy of the a,(/x) as qualitatively 
shown in fig. 10. 

10* fig.10 101 101 
GeV 
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The gauge coupling constants seem to get together [45] at a scale ~ 10 1 5 GeV, 
not far away from the Planck mass (M/> ~ 10 1 8 GeV). Thus the following idea 
seems plausible: the couplings join because, beyond a scale ~ 10 1 5 GeV, there is a 
"unified theory" of the three SU(3) x SU(2) x U(l) interactions into a single one. 
This unified theory will be based on a gauge group G big enough to contain the 
SM as a subgroup. G must also be a group admitting complex representations. 
This is required (as we discussed in the first lecture) in order to be able to have 
chiral fermions as in the SM. Beyond the scale ~ 10 1 5 GeV ("grand unification 
scale") there is a unique theory with a unique coupling constant a. 

One can easily check [43] , [46] that the smallest simple Lie group G fulfilling 
the above prerequisites is SU(5). Thus SU(5) is the simplest grand unification 
scheme. In S77(5) there are 5 2 — 1 = 24 gauge bosons which we can schematically 
put into a matrix: 

(24) = 

/ 

gluons 

X} * 3 + 

^ 3 

z° 
w+ 

J 3 

w 
7 / 

(32) 

Apart from the known gauge bosons (8 gluons +W±+j +Z°), there are 12 
new ones Xf,Y* (i = 1,2,3 colours) which are triplets of colour and SU(2) 
doublets. They have fractional charges and couple both to quarks and leptons. 
Since the complete SU(5) symmetry is only realized above the unification scale 
Mx ~ 10 1 5 GeV, that will be the order of magnitude of the masses of X* and 
Y±. Thus below Mx the SU(5) symmetry will be spontaneously broken by some 
high scale Higgs mechanism down to SU(Z) x SU(2) x C7(l), and there will be 
essentially no direct trace of the 5^(5) symmetry. 

The quarks and leptons of each family in SU(5) sit in a 5-plet and a 10-plet 
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under SU(5). Thus for the first generation for example one has: 

5 = 

fd\\ 

d% 

\vj 

/ 0 

10 = 

V 

— Uo 

UÏ 

"1 

0 

d2 

d3 

ec 

0 / 

(33) 

where we have represented the ten-plet by an antisymmetric 5 x 5 matrix (this 

multiplet results from the antisymmetric product of two 5-plets and thus has 

5 x (5 — l ) /2 independent components). These assignments may look bizarre, 

but one can convince oneself that a (10 + 5) multiplet is the simplest chiral , 

anomaly-free fermion content within SU(5). Notice that the 15 Weyl spinors of 

each SM generation just fit. There is no place for more particles in (33) . This 

is a remarkable fact. 

U 

d 

e' 

d 

d 

fig.n 

Since the new gauge bosons X^ and Y* have both colour and SU(2) quantum 

numbers, they can convert quarks into leptons and also quarks into antiquarks 

(i.e, they violate both B and L numbers). Thus processes like the ones in fig.11 

are possible. 

These graphs give rise to proton decay with a lifetime [46] (in the minimal 
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simplest version of SU(5)): 

r(p -> e+7T°) ~ 4 x 1 0 2 9 ± - 7 years, (34) 

whereas the experimental limits give [47] 

r(p -+ e+7T°) > 6.8 x 10 3 2 years (90%c./.) (35) 

Thus from this result one can exclude the minimal version of SU(5). However, 

the lifetimes depend on the mass of the X, Y bosons like r p ~ (M"x,y4)/mp (where 

mp ~ proton mass) and hence a very slight change in the computation of MX,Y 

can yield a result for r p still compatible with experiment. That slight change 

of MX,Y may be obtained by varying the low energy content of the theory (e.g. 

adding some extra scalar or vector-like fermion). The value of My,x 1S computed 

by using the renormalization group equations (31) and finding at what scale the 

coupling constants join. One finds 

/ o ^ i ^ r ) = 8 7 r ( | ô l + 5 2 - | 6 3 )
 ( 3 6 ) 

where h{ are the one-loop beta function coefficients and ae(Mw) is the fine struc

ture constant measured at a scale ~ M\y- The &,- depend on the low energy 

particle content of the theory and hence one can obtain a variety of Mx,Y val

ues by appropriately changing the low energy particle content. Assuming the 

minimal content of the SM one obtains at one-loop MX,Y ~ 1 0 1 4 - 1 5 GeV. 

Once we have computed the unification mass one can find the relative value 

of the ai,a2,<*3 coupling constants. In particular, tg2êw = <x\/&2- Using the 

one-loop renormalization group equations one finds 

sin29w(Mw) = ^ - 57rae(M^)(&i - 6 2 ) M ^ - ) . (37) 

Plugging the Mx value computed through equation (36) (conveniently modified 
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to include two-loop and threshold effects both in (36) and (37) ) one finds [48] 

sin29w(Mw) = 0.214+S;jjjg ( 3 8 ) 

to be compared with the recent experimental LEP average result [29] 

sin29w{Mw) - 0.2300 ± 0.002 (39) 

which is several standard deviations away (see fig.22). 

In the context of GUTs quarks and leptons live in the same multiplets and 
one expects to find relationships between the Yukawa couplings of quarks and 
leptons. Thus e.g. in SU(5) one has the following Yukawa couplings between the 
fermions in 5 = (DC

L, L) and 10 = (QL, UC

L, EC

L): 

ti^-^^H + / # * i o , * i o , i r + h.c. (40) 

where i,j are indices in generation space. Notice that we only have two inde
pendent terms instead of the three in the SM: there is a common coupling which 
gives masses to the charged leptons L and the D-type quarks. Once SU(5) is 
broken there are radiative corrections which contribute differently to quarks and 
leptons (in particular gluon exchange). Computing these radiative effects and 
using the renormalization group one gets [49] : 

mD _ hD(mD) _ hp{Mx) az{MD) ^. 
mL hL(mL) ~ h,L{mL) a 3 ( M x ) 

where 7 m is the anomalous dimension coefficient of the mass operator (for the 
standard model one has j 2 - = 4/7). The results obtained from eq.(41) for 
the ratio mi/mr (cz 3.0) and rris/m^ (~ 4.0) are in reasonable agreement with 
experiment but the equivalent prediction for the first generation is off by an 
order of magnitude. However one could argue that the first generation has some 
additional sources for its mass, coming, e.g., from different type of Yukawas or 
from radiative contributions which make it different. 
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The above predictions from the SU(5) model may be also obtained in other 
grand unification models. The next to simplest grand unification group is 50(10), 
the group of real orthogonal 10 x 10 matrices [50] . It contains as a maximal 
subgroup 5i!7(5) x U(l) and it is the simplest GUT in which a quark-lepton 
generation fits in a single multiplet, the spinorial 16-dimensional representation: 

16 = (u,uuu2,u3 ;e,di,d2,d3, ; d\,dc

2, d\, ec ; u\,uc

2,u\, vc)L (42) 

Notice this multiplet has an explicit left-right symmetry which implies the exis
tence of a right-handed neutrino vc

L (the 16-th fermion in eq.(42) which is not 
in the SM) which is a singlet under the SM group but has lepton number = — 1. 
Since 5O(10) is bigger than SU(5) (it has rank five instead of four), it may be 
broken in several steps down to the SM. If it is broken in just one step, the 
predictions of 5O(10) for the proton lifetime, sin2$w and mi,/mr are essentially 
the same as those in SU(5). If 5O(10) is broken through an intermediate scale 
(e.g. with an intermediate SU(Z) x SU(2)L x SU{2)R x U(\)B-L symmetry) 
those predictions can vary completely , depending on each particular case [51]. 
In 50(10) the Higgs doublets are contained in the fundamental multiplet, a ten-
plet. Since all quarks and leptons are in the same multiplet, a 16-plet, there is 
only one Yukawa term: 

* " * 16. *i6,#io + h.c. (43) 

However, Hio contains two SU(2)i doublets, one (H) coupling to D-quarks and 
charged leptons and the other (H) coupling to U-quarks and neutrinos. Then 
one has 

m,D,L ah< H > ; m\jyV ~ h< H > . (44) 

This gives us the same prediction for D-quarks and leptons as SU(5) but also an 
additional prediction mt/mi ~ mcjms (of course, the renormalization effects, as 
in eq. (41) , have to be taken into account). Such a prediction is by now ruled 
out by the CDF data. As usual (unfortunately), one can avoid this problem by 
using a sufficiently complicated Yukawa sector beyond the minimal coupling eq. 
(43) . This is the typical problem with GUTs : one can experimentally rule out 
e.g. the minimal unification 5i7(5) and 50(10) schemes but slight changes of 
the models allows one to avoid the experimental limits. 
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Let us finally mention an interesting possibility present in the unification 
schemes, which is the possibility of understanding the observed baryon-antibaryon 
asymmetry of the universe. The presently observed baryon to photon density ra
tio is ng/riy ~ 1 0 - 1 0 . To get this ratio at present times one has to fine-tune the 
primordial baryon and antibaryon densities as n^/ns ~ 1 0 - 1 0 . This is artificial 
and unnatural. Sakharov proposed a long time ago [52] that maybe one had 
nB — nB ^er the bigbang, but there were baryon number violating dynamics 
afterwards which generated the observed asymmetry. It was found that three 
conditions were required for that mechanism to work [52] , [53] , [54] : i) There 
should be CP-violating couplings (other than standard KM), ii) There should 
be baryon number violating processes, iii) There should be at some point a de
parture from thermal equilibrium (otherwise CPT invariance would reconstruct 
the original baryon-antibaryon balance). Soon after grand unified theories were 
proposed, it was was found [55] that all three criteria could be met by GUTs. 
Superheavy gauge bosons (like X, Y) or heavy colour-triplet Higgses have B-
violating decay chanels involving typically complex phases which can provide the 
required CP violation. This looks like an attractive bonus which GUTs bring to 
us. 

Recently [41] , [56] , however, it has been pointed out (recall our discussion in 
the previous chapter) that non-perturbative weak interaction effects do by them
selves violate baryon number. Then, if a baryon asymmetry is created at high 
temperatures it will typically be diluted by the non-perturbative weak interaction 
effects! On the other hand one could try to generate the asymmetry purely from 
the electroweak effects , but that turns out to be non-trivial. If however a (B-L) 
asymmetry was created just after the bigbang, the non-perturbative weak effects 
will convert that excess into a baryon excess since they conserve B-L. 
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6) N E U T R I N O MASSES A N D THE SOLAR-i/ PROBLEM 

A neutral fermion like the neutrino can have three types of mass terms: 

mviVR + h.c. (Dirac) 

Mivivi + h.c. (Majorana, L — H) (45) 

MRVLCVIC + h.c. (Majorana, R — H) 

In the minimal SM there is no right-handed neutrino UR (or, equivalently, uic) 
and hence there could only be Majorana masses for the left-handed neutrinos 
(second equation in (45) ). However, such a term transforms as an SU(2)i 
triplet (the vi is inside the doublet of leptons L and the symmetric product 
of two doublets yields one triplet). Then, such a mass term is forbidden by 
SU(2)i invariance. There could be in principle a new Higgs field with SU(2)i-
triplet quantum numbers (the "Majoron" $A/ [57] ) which could couple like 
h$MvLvL + h.c.. This would induce such a Majorana mass Mi ~ h < <&M > to 
the vi once $JI/ gets a vev. The vev for $JI / , however, has to be quite small in 
order not to ruin the p-parameter measurements. Notice also that the Majoron 
has lepton number = -2 and, hence, once it gets a vev, the lepton number global 
symmetry is spontaneously broken and a massless Goldstone boson appears. A 
wealth of phenomenological possibilities involving the Majoron may be envisaged 
(recently very much constrained by LEP data) which we are unable to discuss in 
these lectures [58] . 

In many attractive generalizations of the SM (like 50(10) and other left-
right symmetric models) there are right-handed neutrinos UR in the spectrum. 
Then the neutrino can have standard (lepton number conserving) Dirac masses, 
as the rest of the quarks and leptons. One expects a value for that mass m of the 
order of quark-lepton masses. In the case of 50(10) (see eq.(44) ), one expects 
m ~ mu at the unification mass. At scales ~ 10 — 100 GeV that relationship 
would imply m ~ mj//3.0. Finally, if there are right-handed neutrinos they can 
also get Majorana masses (like the last eq.(45) ). It is important to realize that 
the VRS are singlets under the SM. Then such a Majorana mass term, unlike the 
other two types of masses, is allowed by gauge invariance. Then, in agreement 
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with the "survival hypothesis" we discussed in the first lecture, MR will tend to 
be as large as possible. One can describe the overall situation for neutrino masses 
through a mass matrix involving both ui and i/£ : 

f ML m \ 
\ m MR) 

As we discussed above, one expects Mi <C m «C MR. In this situation there will 
be two neutrino eigenstates with masses ~ m 2 / M R and MR. The one with mass ~ 
MR would be unobservably heavy, whereas the eigenstates with mass ~ m2/MR 
would correspond to the observed z/'s. This mechanism is often called "see
saw" [59] . Assuming m ~ mu/3.0 (generation by generation), as in left-right 
symmetric models, one would obtain neutrino masses (predominantly Majorana-
like) as in table 2 

M„„ 10 5 108 10 1 0 10 1 2 10 1 5 GeV LVR 

m„ e 0.1 eV 10" 4 eV 10" 6 eV 1CT8 eV 1 0 ~ n eV 

m V t K 1 KeV 1 eV 10~2 eV 10~ 4 eV 10" 7 eV 

mUr 10 MeV 10 KeV 100 eV 1 eV 10" 3 eV 

Table 2.- Estimate of "see-saw" neutrino masses. 

The direct experimental search for u-masses (from /3-decay experiments and 
accelerator limits) yields 

m„ € < 18 eV ; m ^ < 250 KeV ; m„ r < 35 MeV. (47) 

As we can see, the "see-saw" ansatz for neutrino masses gives results typically 
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well below these limits. There are also cosmological bounds similar in origin 
to the one we mentioned for axions. For stable (more than the lifetime of the 
universe) neutrinos, the sum of all ^-masses is constrained by 

3 

^2 ml < 180 eV (48) 
» = l 

in order to avoid an overclosure of the universe due to the fact that there would 
be too much mass in the universe from those neutrinos. 

A direct implication of neutrino masses is the presence of neutrino oscillations 
[60] . If there are i/-masses, the corresponding mass-matrix will not be generically 
diagonal in generation space, as happens with quarks. Then, the mass eigenstates 
u{ (i — 1, 2,3) will not be identical to the weak interaction eigenstates va (a = 
e,/j,,r), they will be related by a unitary matrix Uai , analogous to the CKM 
matrix: 

v« = Uai vi- (49) 

If a weak eigenstate e.g. vt is emitted in a certain process, after a time t it evolves 
through the time evolution operator into an oscillating mixture of ve, v^, vT : 

3 

We >t=o^ W >t= J2 Ueie-iE,tvi. (50) 
t = l 

To simplify things let us consider the oscillation of two neutrino flavours into each 
other. The oscillating phase will be Aij = (Ei - Ej)t ~ (rnj - m])L/2E. Then 
one finds for the probability of a neutrino flavour "a" to oscillate into another 
"/5" : 

Pafi ~ \Ua0\2 x |l - e - ' A | 2 ~ sin2&\l - e " i A | 2 (51) 

and the oscillation length will be 
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2TTE 

Am 2 (52) 

where A m 2 = (m 2 - mj), and 9 is the mixing angle in the generalized 1/-CKM 
matrix. Thus in looking for i/-oscillations the relevant parameters are Am 2 and 
sin26. Many experiments looking for i/-oscillations have been done (see ref. [61] 
for a review) and the excluded restions in the Am2,sine2 plane are shown in fig.12. 

i 00 

À m 

0 . 0 0 1 O.Ct 0 . 1 

fig. 12 (Ref. [143]). 

The regions explored extend over a range m„ ~ 0.1 — 10 eV and sin2d ~ 
0.01 — 1, depending on the cases. Notice that the usual CKM mixing has angles 
sin220c ~ 1 0 - 1 , sm22023 — 1 0 - 2 a^d perhaps one could expect (?) similar 
mixings in the neutrino sector. 

If one believes in the "see-saw" scenario, it is the i/M ) e —* vT oscillations which 
are more promising, since then one expects Am 2 ~ m 2

r which has a better chance 
of being large. If one takes e.g. sin22Q^r ~ sm22023 — 10~ 2, the Fermilab E531 
experiment would already be sensitive to this region. It is clear that further 
Vp,e —* ur oscillation experiments (as planned both at CERN and Fermilab) are 
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of the utmost importance. 

Another very important piece of information about neutrino physics is the 
study of the neutrinos coming from the sun. In the fusion processes occurring in 
the sun, abundant electron-neutrinos ve are emitted from elementary processes 
Yikep + p-*d + e+ + ve ; 7 Be + e~ -> 7Li + ve and *B -> *Be* + e+ + ve. The 
energy spectrum of the emitted i/e depends on the particular process by which it 
was produced. For 20 years Davis and collaborators [62] have been running an 
experiment at the Homestake mine in which the amount of solar-i/'s is detected 
by measuring the amount of 37Cl being transformed into 37Ar by the reaction 

ve + 3 CI —• e~ + Ar. The average number of neutrino captures they find 
is = 2.2 ± 0.3 SNU's (SNU=solar neutrino u n i t = 1 0 - 3 6 captures/(atomxsec.)), 
whereas the "standard solar model" predicts 7.9 ± 2.5 SNU's. 

1970 1974 1978 1982 1986 1990 

fig. 13. The Homestake solar neutrino data. 

Thus the observed number of neutrinos is a factor 3-4 smaller than expected. 
This is the "solar-v puzzle". 
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Recently the depletion of the solar neutrino flux has been beautifully con
firmed by the Kamiokande-II detector [63] using completely different techniques. 
This is a water Cherenkov detector in which it is the light emitted by the recoil 
electron in v + e~ —• v + e~ which is measured in real time. The threshold for 
e-observability is Ee > 9.3 MeV, which implies [64] that it must be i/e's from 
8B —* 8i?e* + e + + ve which are observed. In fig.14 the results measured versus 
the solar standard model (SSM) predictions are shown. 
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fig.14. The Kamiokande-II solar neutrino data. 
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They find [63] an average value of 0.46 ± 0.05(stat.) ± Q.06(syst.). Also 
in that figure is shown the angular distribution of the recoiling electron (with 
respect to the sun-earth direction). A clear forward peak is evident, giving a 
beautiful confirmation of the solar origin of the detected i/'s. 

A possible explanation of the solar neutrino depletion is a possible oscillation 
of the original vt into v^ or vT. The Homestake experiment is not sensitive to 
Vp nor vT since neither of those can induce the neutrino capture process. In the 
Kamiokande case the v^T + e —• i/^>r + e reaction is possible (and some of the 
measured events could in principle have that origin) but the cross section for v^ 
is a factor ~ 6 — 7 smaller, since the charge exchange diagram in fig. 15 

v e 

W 

V, e 

fig.15. 

is not present for v^ or vr. Thus a reduction in the number of detected solar neu
trinos can be attributed to i/-oscillations both in the Homestake and Kamiokande 
experiments. 

Given the sun-earth distance L and the average solar- v energy, one can com
pute from eqs.(51) ,(52) that one needs A m 2 = mVt

2 — m „ x

2 ~ 10~ 1 0 (eV)2 and 
sinO ~ 1 in order to obtain a substantial ue depletion. Such large mixing angles 
9 are not expected from a natural choice (analogous to the CKM) mixing matrix. 
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The situation changes if one takes into account that the v^s produced in the 
core of the sun may be affected by interactions with the solar matter before they 
escape from the sun [65] . If the typical (vacuum) oscillation length L of the 
neutrino (eq.(52) ) is bigger than a characteristic length 

of the v propagation in matter, "resonant oscilations" inside the solar (electron) 
matter can occur. Here n e is the electron density and Gf is the Fermi constant. 
This is the Mikheyev-Smirnov-Wolfenstein (MSW) effect [65] . For the resonant 
effect to take place it is crucial that the elastic cross section of vt on electrons 
is bigger than that of Vp,r, again due to the presence of the charge exchange 
diagram in fig.15. Then the vt and, e.g., v^ waves created in the core of the 
sun propagate with different effective refraction indices. This causes the i/'s to 
have phase and group velocities in the medium that are different from those in 
the vacuum. Effective large (resonant) mixing is generated even if the vacuum 
mixing angle is very small. 

One can interpret the solar-!/ depletion in terms of the MSW effect. The fact 
that more suppression (with respect to the SSM) is observed in the Homestake 
data may be attributed to the lower energy threshold (Ev > 0.814 MeV), to 
which it is sensitive compared to the one at Kamiokande-II (Ee > 9.3 MeV). 
Kamiokande is only essentially sensitive to 8B neutrinos, whereas Homestake 
may have some contribution from pp, 7B and CNO neutrinos. If all the lat
ter contributions are strongly supressed (due to resonant oscillations, which are 
energy dependent) one would be able to understand why Kamiokande-II sees a 
larger "effective" relative vt flux with respect to the SSM. If one interprets the 
solar-i/ data both from Homestake and Kamiokande in this way, and if one takes 
for the SSM i/-rate that of Bahcall and Ulrich [64] , one finds a restricted region 
in the Am2-sin292 plane allowed. 

172 



This is shown in fig. 16 in which the solid (dashed) line represents the contour 

Sin1 29 

Fig.16. Allowed contours for a MSW explanation of the solar-i/ data. 

of the region allowed by the Kamiokande-II (Homestake) data [63] . One sees 
that there are two regions of overlap, one for 

i - 6 ± l T/2 A m ' ~ l O - 0 * 1 tVl ; sin'29 ~ 4 x 10 -2±0.2 (54) 

and the second for 

A m 2 ~ 1 0 - 4 - 10" 7 - 3 eV2 ; sin220 ~ 0.4 - 0.9 (55) 

The possibility in eq.(54) is specially interesting since it involves relatively small 
mixings (of the order of those appearing in the standard CKM matrix). If we 
assume vt <-• v^ resonant oscillations and a see-saw-like mechanism for neutrino 

173 



masses, one has A m 2 = ( m ^ ^ m ^ 2 ) ~ ra„M

2', implying mVii ~ 10 3 eV. Looking 
at table 2 one would expect MVR ~ 10 1 0 GeV and neutrino masses: 

mVt ~ 1 0 - 6 eV ; m„M ~ 10~ 3 eV ; m„T ~ 10 eV. (56) 

With m„ r ~ 10 eV one could expect measurable u^ «-> i/ r oscillations at accelera
tors corresponding to Am ~ 10 eV 2 , in regions of the Am 2 , sin26 plane which 
could be tested at CERN and Fermilab in the foreseeable future. This could 
be a very interesting cross-check of the oscillation interpretation of the solar-
v data. More crucial could be the forthcoming radiochemical Gallium (SAGE 
and GALLEX) solar-*/ experiments [66] which will have a low energy threshold 
(EVe > 237 KtV) and hence will be sensitive to the (much more intense) "pp" 
neutrino flux. 

The observation of the solar- v flux depletion may be the first experimental 
evidence of physics beyond the standard model and the improvement of the 
experimental data is of the utmost importance. A possible time-dependence 
of the i/-flux is also an important question. The Homestake experiment seems to 
observe an anticorrelation between the intensity of solar activity (e.g. number 
of solar flairs) and the solar neutrino flux (difficult to see in fig. 13 !). Such 
time variation has not been confirmed by Kamiokande-II (see fig. 14), although 
it is not yet ruled out. It has been speculated [67] that if the î 's had a quite 
large anomalous magnetic moment ~ 1 0 - 1 1 \IB (^5= Bohr magneton= e/2m e ) , 
the left-handed i/'s could flip into a new right-handed ("sterile") neutrino in the 
magnetic field of the sun. Those sterile neutrinos practically do not interact with 
matter and could explain the solar-i/ depletion. Additionally, there will be a time 
dependence of the flux correlated with the intensity of the solar magnetic field. 
This looks very interesting but is based on very feeble experimental evidence. 
Furthermore, the theoretical models [68] needed to get such large v magnetic 
moments seem a bit contrived. We will have to wait and see. 
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7) SUPERSYMMETRY 

The grand unification idea is an attractive one, in spite of the fact that the 
simplest minimal SU(5) and 50(10) models are ruled out experimentally. Still, 
this kind of models suffer from the "naturality" problem discussed in chapter 
2. Supersymmetry [69] , [70] offers a solution to this problem and at the same 
time resurrects the grand unification idea, as we shall show in the next chapter. 
Supersymmetry is also the only known solution to the "naturality problem" [71] 
which is perturbative; we do not need to invoke unknown non-perturbative dy
namics to describe the SU(2) xU(l) breaking process. From the point of view of 
string theory, supersymmetry is also interesting. Supersymmetric strings ("su-
perstrings") are automatically finite theories and provide us with the only known 
consistent theories of gravity. 

Let us now try to give an intuitive idea [5] , [72] of what is supersymmetry 
(SUSY). It is a symmetry between bosons and fermions. A supersymmetric 
transformation "rotates" a fermion into a boson (its "SUSY-partner") and vice-
versa. In the simplest version of this symmetry ("N=l supersymmetry") each 
particle has only one SUSY-partner. In this case the simplest SUSY multiplet is 
the "chiral" or "matter" supermultiplet: 

Chiral supermultiplet —• (<f>;ip) (57) 

which contains a complex scalar 4> and a Weyl (two-component) spinor ip. The 
next to simplest is the "vector" or "gauge" supermultiplet: 

Vector supermultiplet —• (V 1 ; A) (58) 

which contains a gauge boson VM and the corresponding spin=l/2 partner, the 
"gaugino". It is important to remark that the supersymmetric partner of a 
particle has the same internal quantum numbers as the original particle. Thus, 
e.g. if V 1 is the gluon, the "gluino" A will also be a colour octet. 

Chiral and vector multiplets are all one needs to build a supersymmetric ver
sion of renormalizable field theories. Let us now discuss the interactions between 

175 



the given multiplets. There axe two types of interactions: i) Chiral interactions 
ii) Gauge interactions. We discuss them in turn. 

i) Chiral interactions. 

They are the interactions merely amongst chiral multiplets. They just cor
respond to the supersymmetric version of the Yukawa couplings and scalar in
teractions we are familiar with. Consider several chiral multiplets labelled by an 
index i , (<f>,ip)i. Their chiral interactions are uniquely fixed by the "superpoten-
tial" which is a polynomial in the scalars <j>{ (but not depending on the complex 
conjugate fields <f>* !!). For the theory to be renormalizable the polynomial is at 
most of degree three: 

W(<f>i) = XijkWt* + mirftf. (59) 

The precise form of W(</><) will depend on the model. We will discuss the one 
corresponding to the SUSY-SM in the next chapter. The A's are associated to 
Yukawa couplings and the m y to mass parameters, as we will see later on. 

There are two types of chiral interactions, those contributing to the fermionic 
Lagrangian and those contributing to the scalar potential. 

a) Chiral fermionic Lagrangian. 

These are Yukawa couplings of the scalars 4>i to the fermions ^i or fermion 
mass terms for the ^ ' s . They are found by taking a double derivative of the 
superpotential W. The corresponding piece in the Lagrangian is given by 

dW 
LF S 555*7** + h-c- ( 6 0 ) 

As an example, consider the superpotential Wt{ëL, ë-R, H) which gives rise to 
the usual Yukawa coupling of the Weinberg-Salam model for the electron. This 
is 

We = heëLëRH (61) 
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where êi(ëR) is the scalar partner of the left-handed (right-handed) electron and 

if is a Higgs field. The corresponding fermionic Lagrangian from eqs.(60) and 

(61) is 

LF = he(eLeR)H + he{eRH)ëL + he(eLH)ëR + h.c. (62) 

as depicted in fig. 17. 

*R 

fig.17 

Here H is the fermionic partner of the Higgs scalar ("Higgsino"). Thus 

one sees that the usual Yukawa coupling comes along with two new Yukawa 

couplings with the same coupling constant he • These new couplings are required 

by supersymmetry. In fact, the three vertices are obtained one from another by 

changing two of the three particles into their SUSY-partners. 

b) Scalar potential (chiral piece). 

The chiral contribution to the scalar potential is given by the sum of the 

squares of the first derivatives of W: 

w«) = £ I^I2 ( 6 3 ) 
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where the sum runs over all the scalaxs in the theory. In the example of the 

electron superpotential one gets 

Ve = \heëRH | 2 + \heëLH\2 + \heëLëR\
2 (64) 

as depicted in fig. 18. 

* \ •"» * \ / K \ / 

\ v Xy X-
H X X H * ' x * H ' N H 

a) b) c) 

fig.18 

From formulae (62) and (64) one observes that the supersymmetrization of 

the usual Yukawa for the electron requires the introduction of five new couplings 

(figs.l7-b,c and 18-a,b,c) but there is only one independent coupling constant hc, 

as in the non-SUSY version, 

ii) Gauge interactions 

These are just the supersymmetric version of usual gauge interactions. They 

include the interactions of gauge multiplets (V£; A°) (a = 1,..M, M=number 

of generators of the gauge group) with themselves and with matter multiplets 

(<j>i;xl,i)(i = l,....N). 
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The SUSY gauge interactions include the usual couplings as in fig. 19 

ghosts 

V»* 

V 
d) e) 

fig.19 

In order that the gauge interactions be invariant under supersymmetry, one 
has to add the new SUSY gauge couplings shown in fig.20. 

gT 

a) 

V 

<t> > rf ; V ^ 2 T 2 

g / 2 T 
b) fig.20 c) 

The coupling of fig.20-a is just the obvious gauge coupling of gauge bosons to 
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the colour-octet gauginos; that in fig.20-b is a sort of "gauge-Yukawa" coupling 
and that in fig.20-c represents a "gauge contribution" to the scalar potential: 

W . ) = jW T?3 <M2 (65) 

where Ta are the generators of the gauge group written in the representation 

under which the <#, transform. 
These complete the list of interactions present in a supersymmetric gauge 

theory. The reader will get more acquainted with them later on when we apply 
them to the case of the supersymmetric SM. Now we can write down the com
plete scalar potential for a supersymmetric theory with both chiral and gauge 
multiplets. From eqs.(63) and (65) , one gets 

Notice that this scalar potential is positive definite, which is not the case in 
a generic non-supersymmetric theory. 

As we have seen, a supersymmetric field theory is quite easy to construct. 
There are only two main ingredients: a) Each particle has a SUSY-partner b) 
Apart from the usual couplings there are a few new ones, as discussed above. 
However, no new parameters (coupling constants) are introduced at all (it is 
only after the breaking of SUSY that new parameters appear). 

How does supersymmetry solve the naturality problem? The point is that, 
due to the presence of the SUSY-partners, there are new one-loop graphs con
tributing to the Higgs mass renormalization, as shown in fig.21. 

The quadratic divergences appearing in fig. 3 are exactly cancelled by the 
diagrams in fig.21 in which SUSY-partners (denoted with a tilde) of the SM 
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particles circulate in the loops. The cancellation comes about because the cou
pling constants in fig.3 and fig.21 are equal and because of the relative minus 
sign 

H ^ — J H • H ~ ^ - H 
\ J 

92 

H ~ 

fig.21 

between fennionic and bosonic loops. In fact these cancelations occur also in 
higher orders and not only at one-loop. The parameters in the superpotential 
(Yukawa couplings A and mass parameters m) do not get loop corrections at all. 
This is the effect of the "non-renormalization theorems" of supersymmetry. Let 
us remark, however, that the fact that the parameters A and m do not get loop 
corrections does not mean that they do not "run". They depend on the energy 
scale at which they are measured ("run") because there is still wave function 
renormalization of the fields, since the kinetic energy term in the Lagrangian 
does receive (logarithmically) divergent loop corrections. 
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8) THE SUPERSYMMETRIC STANDARD MODEL 

A N D UNIFICATION 

a) Supersymmetry and the standard model. 

It is now straightforward to construct a supersymmetric version of the stan

dard model. One has to introduce SUSY-partners for all the particles in the SM. 

The gauge bosons of SU(Z) x SU (2) x £7(1) will come along with their corre

sponding "gauginos" forming vector supermultiplets. The quarks, leptons and 

Higgses will come with their partners ("squarks", "sleptons" and "Higgsinos") 

forming chiral multiplets. The particle content is shown in table 3. 

VECTOR MULTIPLETS CHIRAL MULTIPLETS 

J = 1 J = 1/2 J = 1/2 J = 0 

9 9 U,QR §L,9R 

W±,W° W±,WQ lL,lR ÎLJR 

B B Hi, B.2 H\, if2 

Table 3 

In the table, each particle and its SUSY-partner transform in the same way 

under SU(3) x SU(2) x £7(1). Notice that one introduces two different WS 
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doublets Hi and H2. This is easily understood if we recall how one gives masses 

to quarks in the usual SM: 

D-quarks : hD(DRQL)H + h.c. (67) 

U- quarks : hu{ÛRQL)H* + h.c. (68) 

in Dirac fermion notation. Once H acquires a non-vanishing vev < H > ^ 0, the 

quarks get mass. A SUSY version of eqs. (67) , (68) would require (see eqs.(60) 

-(62) ) superpotentials 

WD = hDD
c

LQLH (69) 

Wu = huÛlQiH*. (70) 

However, Wu cannot be an admissible superpotential because it depends on H* 

(recall the superpotentials cannot depend on complex conjugate fields). To solve 

this problem, one introduces two doublets H\ and H2 with opposite hypercharge 

so that one uses H2 hi eq. (70) (instead of H*) and Hi in (69) . Notice that this 

reasoning also implies that one cannot use e.g. the scalar partners of (1/1,61) as 

Higgs particles since they could only give masses to Z)-quarks and leptons but not 

to [7-quarks. (Adding just one Higgs doublet H2 will not do because, although 

one could then give masses to {/-quarks, the fermionic Higgsino H2 would induce 

U(1)Y anomalies.) 

The supersymmetric SU(3) x SU(2) x U(l) gauge interactions amongst the 

particles in the SUSY standard model are easy to obtain from the rules we gave 

in the previous sections. Concerning the chiral interactions, they are completely 

determined by the superpotential W. For the minimal SUSY model described in 

the next section W is given by 

W= Y, (huQLÛ
c

LH2 +hDQLî)
c

LHi +hLLÉc

LHi) + uHiH2 (71) 
generations 

where QL and L denote the SU(2)L doublets (ÛL,DL), (VL^L) and VC

L, DC

L, È\ 

are the scalar partners of the right-handed quarks and leptons. SU(3) and SU(2) 
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index contractions are understood. The Yukawa coupling constants h(j,h,£),hi 

are, in general, non-diagonal 3 x 3 matrices in flavour space leading to the usual 

masses and Cabibbo angles between quarks. The superpotential (71) is the most 

general one compatible with baryon and lepton number conservation. Notice that 

it only includes the SUSY version of the usual Yukawas plus a possible mass term 

for Higgses. 

Eventually, we will have to consider two steps of symmetry breaking: i)SUS Y-

breaking and ii) SU(2) x £7(1) symmetry breaking. It will turn out that, in the 

simplest scenario, these two symmetry breakings are related. The mechanism of 

SUSY-breaking will give masses to the SUSY-partners in a range m ~ 100 —1000 

GeV, as we will discuss in the next chapter. 

b) SUSY and unification 

The SUSY-SM may be easily unified, e.g. inside an SU(5) or 50(10) "SUSY-

GUT". One just introduces SUSY-partners for all the e.g. 517(5) multiplets 

present in the model. Most of the features of usual GUTs remain true in the 

supersymmetric case. The existence of the SUSY partners causes the 5£7(3) x 

5f7(2) x £7(1) gauge coupling constants to join at a larger mass scale [73] . This 

is due to the fact that the coefficients of the /J-functions ôj, &2>&3 change in the 

supersymmetric case (one has now b\ = 11,62 = lj&3 = —3). One thus finds 

M^s ~ 3 x 10 1 6 GeV. The value of the coupling constant at the GUT scale also 

increases, a ~ 1/24, compared to a ~ 1/40 in the non-SUSY case. Concerning 

the Weinberg angle one gets the one-loop result [74] 

^ ' - ^ , ^ , , 0 . 2 3 (72) 
o I07r M\v 

which (contrary to the non-SUSY case) compares quite well with the experimental 

results. Figure 22 shows in a more pictorial way the extent of the agreement. 

Thus the supersymmetric version of the coupling-constant-joining prediction for 

sin?9w resurrects the unification idea. 
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The prediction for the mt,/mr ratio is practically unchanged (~ 3.0) and, of 

course, the problem for the first generation quark-lepton ratio persists. 

e 

e e 

e 
G 

WÏÏ 
M H = 40GeV 

250 GeV 
1000 GeV 

! ^SUST "" ^ 1 

M SUST * 10 TeV 

K-H H 

0.20 0.21 0.22 0.23 0.2* 0.2 

fig.22 The SUSY prediction for the Weinberg angle [75] . 

The situation concerning baryon number violation in the SUSY case is more 

uncertain. There are three types of mechanisms potentially contributing to pro

ton decay, as exemplified in fig.23. 
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The first mechanism is the usual one already discussed for the non-SUSY 

q 

X.Y 

q 

i 
H3 

q 

i 

a) usual 

q,T 

q.l 

H3 

b) higgs-mediated 

q,l 

W.Z.H 

l,q 
l.q 

fig.23 Diagrams contributing to p-decay . 

case. This one is very much suppressed in general since the unification mass 
(and hence the masses of the bosons X and Y) is very large and the lifetime is 
proportional to the fourth power of M%S '• 

ss NS 10 38±2 years (73) 

Mechanism b) is also present in the non-SUSY case and the rate depends on 
the unknown mass of the Higgs #3 . The latter is the colour triplet of Higgs 
fields which completes the five-plet of Higgses along with the WS doublets #2 
(i.e. H5 = H2 + Hz)- The decay is undetectable unless rriff3 ~ 10 1 1 GeV. Modes 
including strange particles would be dominant (p —* K°fi+, K+ur, etc.). Finally, 
the third mechanism in fig.23 is genuinely supersymmetric [76] . Unfortunately, 
unknown parameters (gaugino masses, squark-slepton masses, H$ masses) are 
required to compute the graph. Reasonable choices of those parameters show 
that this third graph would be dominant in the SUSY case. However, due to 
the uncertainties mentioned, no precise prediction for the proton lifetime can be 
given. In this case the dominant decay modes [77] are p —* 
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9) THE MINIMAL LOW ENERGY SUPERGRAVITY MODEL 

As is well known, no supersymmetric particles have been detected up to now. 

It is then obvious that supersymmetry has to be (if at all) a broken symmetry. 

Experiment tells us that the masses of squarks and gluinos are rn^g > 120 GeV 

and those of leptons mj > 40 GeV. How can we obtain this in a natural way? It 

is the general belief that the most elegant way to achieve this symmetry breaking 

is by considering the coupling of the SUSY-SM to gravitation (i.e.,coupling the 

SM to N = 1 supergravity [78] ). This leads us to the so-called "low-energy 

supergravity models" [79] , [80] . The simplest such model is the 

i) Minimal low energy supergravity model. 

The main assumptions underlying this minimal model [81] , [82] , [83] , [84] 

are the following : 

a) Minimal particle content. One assumes that only the known quarks, lep

tons, gauge bosons (plus the required Higgs fields H\,H2) and their supersym

metric partners are in the low energy spectrum. 

b) The form of the superpotential is the most general one consistent with 

gauge invariance and both B and L number conservation: 

W= Yl (huQLÙc

LH2 + hDQLD
c

LEx + hLLËe

LH{) + y,HxE2 (74) 
generations 

Notice that in principle one could add other gauge invariant terms to the super-

potential. In particular the couplings [76] 

a) (ÛC

LD
C

LD
C

L) b) (QLLDl) 

c) m(LH2) d) (LLÉI) (75) 

are gauge invariant but violate either B or L. All these couplings are absent in 

the minimal model. 

c) Supersymmetry is broken in a "hidden sector" of the theory [79] , [80] , 

[85] . This means there is a sector of the theory which is made up of new particles 
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having no interactions at all with the "visible" quaxk-lepton world. The details of 
this hidden sector are irrelevant. The important point is that it is assumed that 
SUSY is broken in this hidden sector at an energy scale M$B ~ y/My/Mpianck ~ 
10 1 0 GeV. The breaking of SUSY is transmitted to the "observable" sector of 
the theory through gravitational interactions and hence the size of the SUSY-
breaking mass m in this observable world is much weaker: 

M2 

m ~ T7T-S2 Mw (76) 
Mpianck 

i.e., it is suppressed by the weakness of gravitational interactions. In the process 
of SUSY-breaking there occurs a " super-Higgs" mechanism in which the SUSY-
partner of the graviton, the "gravitino" (a spin=3/2 particle which interacts only 
gravitationally) gets a mass m 3 / 2 — rô. 

d) Unification of gauge couplings and (SUSY-breaking) mass parameters. 
This is the case if there is a grand unification type of symmetry (and is also often 
true in string models). 

Within the scheme above and if SUSY-breaking takes place as sketched in 
c), the standard supersymmetric Lagrangian gets new (SUSY-breaking) terms as 
follows [79] -[81] , [86] 

i) Equal positive mass squared for all scalars (squarks, sleptons, Higsses) in 
the theory, m2|<^,|2. 

ii) New scalar interactions proportional to the superpotential, ~ mW(4>i). 

iii) Equal gaugino masses M at the GUT or unification scale. 

The mass parameter m is expected to be ~ Mw and the gaugino mass M is 
an independent parameter also of order Mw- Applying this to the SUSY minimal 
model one obtains the following Lagrangian: 

L = L(SUSY) + SL (SUSY - breaking) (77) 

SL = m2 ^ l^'l 2 + A m W s + BfimHiH2 + h.c. 
i=q,lSi,2 (78) 

-I- MA a A 0 + h.c. 
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where W3 is the trilinear piece of the superpotential in eq.(74) , A and B are 
dimensionless constants ~unity and Aa are the gaugino fields. Thus eq.(78) gives 
us additional terms to the Lagrangian which can diagrammatically be represented 
as in fig.24. 

m2 

q.l.H, 2 « \\.Wy ,2 
B(im 

a) b) 

Y" g.W.B H g,W,S 
e.g. / 

/ 
/ 

'Ha 
0 d) 

fig.24. The SUSY-breaking couplings in the minimal model 

One of the most attractive aspects of the low energy supergravity models 
is the "universality" of the SUSY-breaking sector. The so-called "soft" SUSY-
breaking masses and couplings induced by the above mechanism are generation 
independent and this property turns out to be crucial for the suppression of un
wanted FCNC processes. There is a SUSY version [87] of the Glashow-Iliopoulos-
Maiani (GIM) mechanism at work which suppresses FCNC to the appropriate 
level if the ç's and Vs of different generations are almost mass-degenerate. The 
other important ingredient in this type of models is the effect of radiative cor
rections which turns out to be crucial in inducing the breaking of SU(2) x U(l) 
in a beautiful and natural way . 

From eq.(78) one observes that the free parameters in the minimal low energy 
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supergravity (MLES) model axe 

m, M, n, A, B. (79) 

Three of them are mass parameters and the other two are dimensionless con

stants. Since the number of supersymmetric partners is much larger (45 "sfermi-

ons" + 12 gauginos + 4 Higgsinos ) it is obvious that one will find relationships 

amongst the predicted masses of each s-particle. Thus the MLES model has 

strong predictive power. 

The minimal model automatically has a discrete symmetry ("R-parity") 

which has important physical consequences. One can easily convince oneself 

tha t a superpotential like that in eq.(74) (and also the rest of the interactions in 

(77) ) is invariant under a symmetry which gives a phase (-1) to the s-particles 

and leaves the usual particles invariant: 

/, q, Hh2,7,9, W±, Z° —» Ï, q, tf 1 ) 2 , 7 , 9 , W±, Z° 

I q, #1,2, ï,9, W±, Z° —> -/", -q, -Hl}2, - 7 , ~~9, - W * , -Z° 

This has two important consequences. First, the s-particles have to be produced 

in pairs. Second, the lightest SUSY-particle (LSP) is necessarily stable; it cannot 

decay into anything lighter. There are serious cosmological arguments against 

the existence of absolutely stable coloured or charged particles. Thus the LSP 

should be neutral and hence it should be either one sneutrino û [88] or some 

"neutralino" X° ( a linear combination of j,Z°,Hf, H®)-

ii) SU(2) x U(l) s y m m e t r y breaking 

Let us now discuss how the electroweak symmetry may be broken in the 

SUSY-SM. We have to study the scalar potential for the Higgs fields Hi and B.2 

and check if there is a minimum for which < H\ > , < # 2 >7I= 0. Let us start by 

writing down the scalar potential for H\ and B.% [89] , [82] -[84] 

V(HUH2) =l-g\HlT^Hl+H^H2)
2 + ^ ' 2 ( | # 2 | 2 - | # i | 2 ) 2

 ( 

+ / i 1

2 | t f 1 |
2 + fi2

2\H2\
2 - ^(HiH. + h.c.) 

where g and g' are the Weinberg-Salam-Glashow gauge coupling constants and 

the T ° ' S , (a = 1,2,3) are SU(2)i Pauli matrices. This is obtained from formulae 
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(66) ,(74) ,(78) after defining 

m2 = m2 + fi2; H22 = m2 + fx2 • / z 3

2 = B m / i (82) 

Equation (81) is the SUSY version of the Higgs potential which induces SU(2) x 

U(l) breaking in the usual SM. At first sight the potential in eq. (81) looks 

problematic because pL\2 = fi22 > 0. A minimum with non-vanishing < H\$ >^ 

0 may only be obtained if there is a negative (mass) 2 eigenvalue in the Higgs 

mass matrix, i.e., if fj-i fJ-2 — £*34 < 0. However, if / i i 4 = ^ < ^ 3 4 , the scalar 

potential is unbounded below in the direction < H\ > = < if2 >—• 00. 

There is something wrong though in the above analysis. fi\2 and //2 2 are equal 

only at the Planck scale. Below that point they will get renormalized differently 

if the scalars H\ and #2 couple with different strengths to quarks and leptons 

[90] . This is true in general for all the "soft" SUSY-breaking terms appearing 

in eq. (78) . Thus at the Planck scale we would have 

rriq2 = mj = / i i 2 — fJ.2 = /^2 2 — fi2 = m2 (83) 

M-g = Mw = Mè = M (84) 

Au = AD = AL = A (85) 

but below that mass scale, all these parameters may evolve differently according 

to their corresponding renormalization group equations [91] ,[81] -[83] . We will 

not write down those equations (see e.g. ref. [92] ) but we will give a general idea 

of how these parameters evolve with energy. Equations (83) -(85) also assume 

that a grand unification occurs not far from the Planck scale (notice, e.g., eq. 

(84) which implies that all the gauginos are unified in mass). As an example, it 

turns out that gaugino masses M evolve with energy just like the corresponding 

coupling constants 

ati(Mx ) 

This allows us to predict that Mg ~ (ai/ae)M^ where g and 7 are the gluino 

and photino respectively. For the (mass) 2 of squarks and sleptons, one gets an 
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evolution with energy as shown in fig.25 

(GeV)2 

fig.25. Scale evolution of squark and slepton masses. 

(in that figure m = M = 100 GeV and A — 1 is taken). We thus find that 
squarks are usually heavier than sleptons (they only have similar masses in the 
limit M —* 0). What happens with the Higgs scalars H\ and Hi ? We know 
that a negative (mass) 2 term (as in eq. (17) ) would be welcome in order to 
trigger SU(2) x 17(1) breaking. Interestingly enough the Higgs masses may run 
in a natural way [90] as in fig.26 

fig.26. Scale evolution of the Higgs mass parameters. 
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and H22 becomes negative, whereas m2 remains positive. The mechanism in 
fig.25 works only if the top quark is heavy enough. What has the t-quark to 
do with all this? It is simply that there is a negative contribution to y.22 in its 
renormalization group equation from the graphs in fig.27. 

m2 

a) M 

fig.27. Leading radiative contributions to \i2

2 

The negative sign comes from the fact that supergravity breaking gives mass 
to squaxks but not to quarks and then the diagrams in fig.26 fail to cancel, giving 
a net negative contribution [90] 

W ~ dpkl m2 log{Mx/Q) (87) 

In order for this negative contribution to overwhelm the original positive \i2

2, hy 
has to be large enough. Detailed numerical computations [82] -[84] show that 
in order to get the appropriate negative y.22 to break SU (2) x U{\) one needs 
ht(Mx) > 0.1. We will specify below how heavy the top quark has to be. 

Let us come back now to the #1,2 scalar potential in eq. (81) . One can see 
that the potential is minimized for [89] 

v2 EE ux

2 W = M-tf-W+l«2)co*f>) ( 8 8 ) 

(g2 + 9,2)cos20 

where 1/1,2 = < #12 > an^ sin2f3 = 2/i3 2/(/xi 2+^2 2)- Now we have to impose that 
the symmetry is broken at the appropriate scale, i.e., it must be u2 = 2Myir/g2, 
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where Mw is the experimentally measured W^ mass. This condition and eq. 
(88) lead to the following constraint [82] , [92] 

a,2 -u2u.22 1 , , , 

where u = tg/3 = V2Jv\ and Mz is the Z° boson mass. The quantities / i i 2 , ^ 2 2 

and u> in eq. (89) should be evaluated at the Mw scale. 

The SU(2) xU(l) breaking implies certain relationships between the param
eters in the model in such a way that m2(Mw), H22(Mw) and u(Mw) can fulfil 
eq. (89) . These quantities depend on the free parameters of the model eq. (79) 
plus the the Yukawa couplings, in particular ht (or, equivalently, the top quark 
mass mt = ht(Mw)^2)- One can study those constraints numerically. For exam
ple, in the limit / *3 2 , ^ —• 0 (relevant in an interesting class of models) one finds 
numerical constraints [82] as in fig.28 

m t (GeV I 

fig.28 

It shows the relationship between the parameters M,m and mt for a certain 
value of the A parameter. One observes that one always has m< > 60 and that the 
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larger M is, the smaller is the value of mt required. Similar results are obtained 

for different values of A 

At this point it is interesting to recall that in the supersymmetric SM the 

top quark (or any possible new quark for that matter) has an upper bound [89] 

for its mass coming from the renormalization group equation for ht'. 

^ = r t ( y Ô 3 + 3 5 2 + y &x - 6Yt - Yb) (90) 

where Yt = (/z*/(47r))2, â{ = a;/(47r) and t = log(MxlQ)- The leading terms 

on the right-hand side of this equation axe the ones proportional to 0:3 and Yt. 

Due to the fact that they have opposite sign the equation has a "fixed point" 

structure. No matter how large was the original value of ht at Mx, it is always 

driven by the "running" towards a certain bounded range of values. Indeed, 

a good numerical approximate solution of the renormalization group equations 

yields [82] 

mt ~ ht(Mw)v2 ^ ( ^ = = = = = 0 v2 (91) 

As ht(0) —> co (as a formal limit), one has mt ~ 1/2 ~ 200 GeV. Thus one can 

say that in the minimal SUSY-SM one has limits for the top quark 

60 GeV < mt < 200 GeV (92) 

for the class of models in which /X32 <C / i i 2 , A*22- F ° r the case with n^2 ~ £*i,22> one 

can see that the lower bound disappears [82] , [93] . However, in many SUSY-

GUTs or string models one expects /Z32 -C Hi2, fJ-22- This is because ^ 3 2 = Bm^i 

and a natural value for \i is zero. Notice that H and m ~ m 3 / 2 are completely 

independent parameters which, on the other hand, have to be of the same order 

of magnitude (see the discussion in chapter 11) for no good reason. It is rather 

unnatural that two completely independent parameters turn out to have similar 

values without any obvious reason. It is then perhaps reasonable to think that 

^ = 0 to start with and a value /X32 ^ 0 is generated radiatively once SUSY is 

broken. This can be achieved in certain models. For this class of models the 

lowest bound in eq. (92) applies. Let us finally remark that one cannot have 
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^ 3 = 0 because then one can see, examining the scalar potential (81) , that a 
massless pseudoscalar ("axion") would appear. As we discussed in chapter 2, this 
type of axions is ruled out experimentally. 
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10) THE SUPERSYMMETRIC MASS SPECTRUM 

a) Masses of squarks and sleptons. 

There axe four different contributions (a, b, c, d) to the masses of squarks and 
sleptons. The "helicity" structure of these four terms is as follows (<fr = q,l) 

\ md m R + m R + m R / \<PRJ 

The leading contributions are a) and b). Contribution a) is the one coming 
from supergravity (fig.24,a) after the renormalization group corrections running 
down from Mx to Mw are taken into account. Contribution b) comes from the 
gauge piece of the scalar potential (eq. (81) ) once the doublets H\^ get a vev. 
Solving the relevant renormalization group equations for the masses of squarks 
and sleptons, one can express their masses in terms of the parameters of the 
model m,M and also cos2j3. The contribution c) is just equal to the mass of the 
corresponding quark or lepton partner and thus is essentially negligible except for 
the quarks of the third generation. Finally, contribution d) mixes left and right 
squarks and sleptons and is proportional to rriimA, where m, is the corresponding 
quark (lepton) mass. Again, it is negligible for the first two generations. One 
can find the explicit expressions e.g. in ref. [92] . The general features of the 
masses are as follows. The leading a) and b) contributions have the form: 

m$2 = m2 + f M2 + p Mz

2 cos2fi (94) 

where / and p are constants which depend on the quantum numbers of each 
squark or slepton. For squarks one finds / ~ 6 —7 and for sleptons / ~ 0.15 — 0.40. 
The other constant p is a known function of the Weinberg angle which depends 
on the SU(2) x U(l) quantum numbers of each sparticle. Thus e.g., for the UR 
one has p = — 2/3sin29w, for the ëi one gets p — 1/2 — sin26w and for the 
sneutrinos p = —1/2. Since there are seven squarks and sleptons per generation 
and since their masses depend mostly on three parameters (M, m and cos2/3), 
one can write down relationships between the different masses. For example one 
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has the approximate relationship 

rrig2 ~ mf + 0.7 M§

2 (95) 

where Mg is the gluino mass (recall eq. (86) ). Thus an experimental limit on one 
of these particles restricts the other two. For example, knowing mj > 45 GeV, 
one can convince oneself that in most of the parameter space one has rriq > Mg. 

Notice that finding a scalar spectrum obeying these relationships would be a 
check not only of SUSY but of the unification idea since a common scalar mass m 
is assumed at the unification scale. Notice furthermore that m, M and cos2/3 are 
not arbitrary since they have also to be such that the SU(2) x U(l) symmetry 
is broken at the appropriate scale. This further restricts the consistent patterns 
of squark and slepton masses. 

b) The supersymmetric Higgs spectrum. 

Using the scalar potential (81) one can compute the mass spectrum of Higgs 
particles. Since there are two complex doublets, there are altogether 8 real 
scalars. Three of them are swallowed in the usual way by the W± and Z° to 
become massive. Another two form a complex charged scalar ff ± . Furthermore, 
there are two physical neutral scalars h, H and a pseudoscalar A. Their masses 
are given by [89] , [94] 

mH±2 = Mw

2 + Hi2 + y-22 

m A = / x i 2 + ^ 2

2 (96) 

mH,h2 = \(rnA

2 + Mz

2 ± ^(mA

2 + Mz

2)2 - ^mA^Mz

2cos2(3) 

where tgfi = vz/vi- From the above expressions one can derive the interesting 
inequalities: 

m#± > Mw 

mu > M?o 
(97) 

Mz \cos2/3\ > mh > 0 

mj{ > mA > m/, . 

The third inequality is specially important since it implies that there is at 
least one neutral Higgs (h) which must be lighter than the Z°. The pseudoscalar 
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A may or may not be light whereas H is always heavier than the Z°. The 
constraints in eq. (97) open the possibility of ruling out (or confirming) the 
minimal model already at LEP-II. However, one has to be cautious. The scalar 
potential (81) receives loop corrections which may be important in some ranges of 
the parameters. These corrections modify also the mass formulae and the bounds 
(97) and e.g. in some cases the Higgs h may be 20 GeV above the Z° mass [95] . 
c) Masses of gauginos and Higgsinos. 

For the case of the gluino it is very easy to relate its mass to the SUSY-
breaking parameters. It is simply given by 

M-g = ( - ^ _ ) M. (98) 
OCQUT 

But the mass spectrum for the W, B and Higgsinos is more complicated because 
once SU(2) x U(l) is broken they mix amongst themselves. This is due to the 
existence of the SUSY-gauge couplings of fig. 20 b, which gives rise to mass 
terms which mix the charged winos with the charged Higgsinos and W° and 
J5° with the neutral Higgsinos. Apart from these, there are the usual Majorana 
mass for the gauginos (fig. 24 d) and the direct Higgsino mass /J, coming from 
the superpotential. In this way, we have a mass matrix for the charged winos-
Higgsinos: 

_ / M2 g2v2 \ {W+\ 

where M2 is the direct wino mass and vi>2 = < #1,2 >. This matrix has two 
eigenstates xf aXi<^ xf ( ^ e "charginos") with mass eigenvalues 

M 2 > 1

2 = h,M2

2 + fi2 + 2MW

2 

± \^{M2

2 - n2)2 + 4Mw

4cos22/3 + AMW

2(M2

2 + fi2 + 2M2fisin2fi)). 
(100) 

The lightest of them, \f, is v e r v often lighter than Mw and has a good chance 
of being the lightest charged SUSY particle. 
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The mass matrix for the "neutralinos" is more complicated. In a basis 
spanned by (W°t B°, # ° , H%) one finds [96] : 

M" = 

/ M 2 0 
Mi 3i "l 

0 

0 / 

(101) 

where M2 and Mi are related through eq. (86) implying Mi = (3ai/5a2)M2. 

This matrix has four eigenvalues and four corresponding eigenstates x? (* = 
1 — 4), the "neutralinos". The lightest of them (say \i) has good chances of being 
the lightest supersymmetric particle (LSP). It will be a linear combination of the 
original fields: 

xl = UnWO + UuB + UuHf + Uuiq (102) 

where the unitary matrix U{j relates the x7 fields to the original ones. The 
entries of that matrix will depend only on tgfl,M2 and \i and, depending on those 
parameters, x\ w m D e more "Higgsino-like" or "photino-like" etc. For example, 
for U\3 = Uu = 0 the LSP would be the photino 7 = sindwB + cos$W°. In 
general one has to diagonalize the matrix (101) case by case in order to identify 
the eigenstates and mixing angles of the neutralinos. Notice that the couplings 
of neutralinos to the other particles will thus be affected by mixing angles. 

d) Experimental searches, 
i) Squarks and gluinos. 

The squarks can decay (typically there is phase space) into a gluino and a 
quark. The gluinos in turn decay into a q — q pair and a neutralino (LSP) through 
the exchange of a virtual squark. Since the LSP is stable and weakly interacting, 
it will leave no trace in the detectors and the typical signature will be events 
with missing energy. Squarks and gluinos are strongly interacting particles and 
should be abundantly produced in hadronic collisions. The non-observation 
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of missing energy above background at the CDF Fermilab experiment 
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[28] (fig.29) 
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fig.29. CDF limits on squaxk-gluino masses. 

implies mq- > 100 GeV, ms > 150 GeV. This analysis assumes a 100% dominant 
decay of q -> gq and g -+ qqx°v In fact as energy increases, other channels 
involving decays into winos, zenos etc. are increasingly important ("cascade 
decays" [97] ) and appropriate consideration of them makes the experimental 
limits somewhat weaker. The importance of the cascade decays at LHC-SSC 
energies is much bigger and makes the search for a squark-gluino signature much 
more difficult. Recent analysis shows however that such a search is in principle 
possible at LHC [98] . 
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ii) Sneutrinos, sleptons and charginos. 

Each sneutrino contributes to the Z° width an amount 

4m; 

* Mz 
(103) 

LEP measurements imply a sneutrino mass limit of the order of 40 GeV from 

the Z° line-shape. This makes unlikely (though does not rule out) the possibility 

of a v being the LSP. 

Concerning the charged sleptons ë ^ / ï ^ f * , they can decay into the lightest 

neutralino \\ and the corresponding lepton /* —• /* x\- I n %° decay the signature 

will be a pair of acoplanar leptons plus missing energy. Limits in the plane m,- — 

m^o as in fig.30 a are obtained at LEP [99] (these particular results correspond 

to ALEPH) 
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fig.30. Limits on ê and x* masses (ALEPH). 
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which implies me- > 45 GeV. The possibility m^o > me would imply an absolutely 

stable selectron and such a stable particle has not been seen at LEP either. 

Similar results are obtained for /} and f. 

In the case of the charginos, the experimental signature will be similar. One 

considers the chargino decay channel x * ~* ' ± Z / X i a n < i both xî and the neutrino 

are not seen. Thus at LEP-SLC one looks for acoplanar lepton pairs plus missing 

energy, just like with selectrons [99] . For example, ALEPH obtains results as in 

fig.30 b , which imply m^± > 45 GeV (for sufficiently light x?)- The masses of the 

charginos in the minimal model depend only on the wino mass parameter Mo, 

the Higgsino mass parameter n (both of them evaluated around the weak scale) 

and tgfi. Thus the non-observation of any chargino implies that certain ranges of 

those parameters are already ruled out by LEP data . In particular, large regions 

in the M.2 — \i plane for different tg/3 values are excluded. In fig.31 (DELPHI) 

[100] , [101] such limits (thicker lines) are shown for tgfi = 2 and tgfl = 4. 

The search for charginos at LEP-II will be very important since they have 

good chances of being the lightest charged SUSY particles. 

iii) N e u t r a l i n o s . 

The Z° can decay into neutralinos [102] if phase space is available. It may 

decay into the LSP (Z° —• X?X?) leading to invisible width. The contribution 

to the "effective number of neutrinos" Nv from a neutralino is 0 < /\N„ < 

1, depending on the specific mixture of Higgsino and gaugino from which the 

neutralino is made. The Z° may also decay into a LSP and one of the other 

neutralinos (e.g., Z° —> X1X2 )• ^ n * m s c a s e X2 w ^ further decay into e.g. 

Xi+hadrons , leading to a hadronic event with missing energy. Finally, it may 

decay into non-LSP neutralinos (Z° —• X?Xv hj ¥" 1 ) which in turn decay into 
e -g- X? ~~• QQXi-> ÏÏXi- None of these signatures have been seen at LEP [101] . 
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Since the neutralino masses only depend on the parameters Mi, y. and tg/3, a 
240 

H (GeVAT) 

fig.31 Regions in the M2 — p plane excluded 
from chargino and neutralino search. 

certain region in the plane Mi — \i is excluded for fixed tg/3. Figure 31 shows 
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e.g. the regions excluded by the DELPHI measurements (similar results from the 
other LEP-SLC experiments exist [101] ). Notice that in the case tg/3 = 4 the 
neutralino search does not give essentially more information than the chargino 
search. For smaller tgfl the neutralino search does give more information. In the 
minimal model the gluino mass and M2 are related by Mg = M20tz/a2 — Z.bM.2. 
If one takes the CDF limit Mg > 100 GeV one then gets a lower bound Mi > 30 
GeV which could be considered in addition to the LEP-SLC limits. 

One can check that, for small fi, x? is predominantly a Higgsino-like state 
whereas for small M2 (but non-vanishing /z), Xi i s predominantly a photino-
like state. The LEP-SLC and CDF combined data allow one to conclude that 
the lightest neutralino (which is likely to be the LSP) is neither Higgsino- nor 
photino-like, but an admixture of the different states. 

iv) Higgs scalars. 

As we discussed above, the Higgs mass spectrum is highly constrained in the 
minimal model. The present LEP data excludes mjj± smaller than ~ 37 GeV 
whereas in the minimal model m#± > Mw- The LEP-SLC limits on neutral 
Higgses [103] , on the other hand, are already quite important. There are two 
important "complementary channels" in the decay of the Z°: a) The "standard 
model" channel Z° —* Z° h with a rate compared to its non-SUSY SM counter
part proportional to [104] 

mh2 w rnA

2 - mh

2 + Mz

2 

m A2 m A2 - 2mh

2 + Mz' 
sm\a-P) = ( 1 - — - ) ( — - — T T T — j ) (104) 

where a is a mixing angle between h and H. The "standard model channel" is 
the dominant one for values of tg/3 not too different from one. b) The "comple
mentary" chanel Z° —»• hA, whose rate is proportional to cos2(a — 0) (that is 
why it is called complementary). This chanel becomes increasingly important for 
large tgfi (also, as tg/3 increases TUA decreases). 

It is interesting to remark that, within the context of the minimal model, one 
always has 

tg/3 = — > 1 (105) 

The reason for that is the shape of the scalar potential in eq. (81) . That 
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potential is very symmetric between Hi and H2 except for the fact that in general 
V22 < [i\2. This is so because H2 has a large Yukawa coupling to fermions 
(particularly to the t-quark) whereas the Hi Yukawa coupling has not. Then, 
as we discussed previously, the loop correction to fi2

2 (fig.27 ) may be large and 
drives /x2 < fH • For mt > 60 GeV, \i2

2 may even become negative (which is not 
the case for Hi2). Under these conditions the possible minima of the potential 
are necessarily at points with \v2\ > ki |-

The mass spectrum of neutral Higgses may be described completely by two 
out of four parameters m/,,m#, m,* and tg(3, since they are constrained by the 
equations (96) , for example, the pair (mh,mA) or the pair (mh,tgp). Then, 
the other two are given by those equations. Present LEP-SLC data substantially 
constrain these parameters. 

0 5 10 15 20 25 30 35 40 45 
h°mass (GeV) 

fig.32. Regions in the 771̂ ,01,4 plane excluded by LEP (L3). 
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Figure 32 shows regions in the m/, — m^ plane which are excluded at 95% 
confidence level (similar results are obtained by the other LEP experiments). The 
results imply that m/, > 25 GeV and m A > 40 GeV. At the moment of writing 
these lectures LEP yields m^ > 40 GeV, m^ > 33 GeV. It is important to recall 
that in the minimal model one has rrif, < Mz- Thus there could be chances of 
ruling out (or confirming) the minimal model at LEP-II energies. In this context 
it is important to compute the loop-corrections to the formulae for the Higgs 
masses in (96) , in order to fix unambiguously the precise energy required to 
check this prediction of the minimal model [95] . 
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11) NON-MINIMAL SUSY 

The minimal low energy supergravity model is the most economical super-
symmetric version of the SM, but it is certainly not the only possibility. As with 
the usual non-SUSY SM, the number of possible extensions one may envisage is 
very large and we are not going to attempt to describe here all these possibilities. 
Let me just mention a few of them. 
a) The NMLES (next-to-MLES) model. 

One of the least attractive points in the minimal model is the presence of the 
Higgs mass parameter fi, whose value has to be of the same order of magnitude 
as the SUSY-breaking parameters M,m. That ^-parameter is unrelated to the 
SUSY-breaking mechanism and hence there is no reason why its size should be 
of the same order of magnitude as M, m. On the other hand, one cannot just 
put n = 0 because one can see that in this case the scalar potential eq. (81) 
has a global U(1)PQ Peccei-Quinn-type of symmetry and, once H2 gets a vev, a 
massless axion appears in the spectrum. As we discussed in the first lecture, this 
type of axion is experimentally ruled out. 

The simplest way to avoid the presence of an explicit /i-term without an axion 
problem is adding in the spectrum of the SUSY-SM a singlet supermultiplet N 
with couplings in the superpotential 

WN = Ai NH1H2 + A2 N\ (106) 

The Lagrangian with this term (before SUSY-breaking) is classically scale in
variant (there are no mass couplings in the Lagrangian). The role of \i is now 
played by Ai < N >. The second term in eq. (106) is again required to avoid the 
presence of an unwanted global U(1)PQ which would lead to an unwanted axion. 

This type of modification of the MLES model was argued to be the natural 
possibility in the context of SUSY-models constructed from compactified strings 
[105] . In the known formulations of those theories, the built-in property of 
"conformai invariance" makes any particle in the spectrum either massless or 
having a mass of the order of the Planck mass (before SUSY-breaking). Small 
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but non-vanishing mass-terms like \i can only appear through a vev of some scalar 
(as the first term in eq. (106) ) . 

The overall properties of the so-defined "next-to-MLES" model resemble in 
most aspects those of the minimal model. Studying the renormalization group 
equations [106] and the Higgs potential one can see that in order to get SU(2) x 
Z7"(l) breaking one finds bounds for the t-quark mass [105] 

70 GeV < mt < 190 GeV, (107) 

where now (unlike in the MLES model) the lower bound is unavoidable. The 
neutralino mass matrix is now a 5 x 5 matrix since it also involves the "singlino" 
N, which becomes the LSP for a wide range of parameters [105] . The Higgs 
spectrum is also modified due to the presence of the singlet scalar N and the 
bounds on the Higgs masses eq. (96) no longer apply [107] . In particular, 
the lower bound for m/f± disappears and the lightest neutral scalar may now 
be heavier than the Z°. Thus, in the case of LEP-II being able to rule out the 
minimal model due to the non-detection of a Higgs h lighter than ra^o, this could 
be the simplest alternative. The rest of the properties of this "next-to-MLES" 
model would be rather similar to those of the minimal model. 
b)R-parity breaking. 

I already mentioned that the Lagrangian of the minimal SUSY model is 
not the most general one consistent with gauge invariance and renormalizability 
(whereas the one of the non-SUSY model is ). One may add to the superpotential 
[76] , [108] terms in eq. (75) 

WRV = \ B tJc

LDc

LDc

L + \ L QLDC

LL + \ L ' LLÉI + pL LH2 (108) 

All of these terms violate the global discrete symmetry of the minimal model, 
R-parity, but there is nothing a priori wrong with that. The first term in (108) 
violates baryon number ( AJ3 = 1, AL = 0) whereas the rest violate lepton num
ber (AB — 0,AL = 1). Due to this fact, the coupling constants are strongly 
constrained by the observed conservation of both B and L. Thus, e.g., A# and 
\l cannot be simultaneously non-vanishing since those two terms together would 
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induce fast proton decay. But, e.g., one can think of interesting possibilities like 
i) A .B-violating model in which only the first term in eq. (108) is non-vanishing 
(A# 7̂  0). ii) An X-violating model in which only lepton number (through e.g. 
A£ ^ 0 and/or XL' # 0 ) is violated [108] , [109] , [110] . 

Depending on each possibility the coupling constants are experimentally con
strained with different strength. For example, if some A 5 ^ 0, one does not have 
proton decay because that requires a violation of both B and L. On the other 
hand one can have neutron-antineutron oscillations (AB = 2 [109] ). From the 
non-observation of those oscillations one can obtain an upper bound \g < 1 0 - 6 

for the coupling involving the u — d — s quarks (the antisymmetry of the SU(3)c 
contraction requires the presence of two .Djrc-quarks from different generations). 
The AJB coupling associated to e.g. the t — b—s quarks is essentially unconstrained 
by the absence of AB = 2 transitions. 

We will not describe here all the possibilities one may have by forbidding 
or allowing some of the couplings in eq. (108) (including different couplings for 
different generations). Let me just mention that, since R-parity is broken, the 
LSP is no longer absolutely stable. For example, if the \g coupling corresponding 
to the t — b — s quarks is non-vanishing, the neutralino x? niay decay as in fig.33 

fig.33. R-parity violating LSP decay 

and similar decay mechanisms apply to the other R-parity breaking couplings. 
Depending on the size of the couplings A, the LSP will or will not be sufficiently 
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stable to go through the detectors without decaying. Thus the missing energy 
signature may or may not continue being a useful one, depending on the model. 
There are however plenty of new possible signatures [110] (like multilepton events 
in the L-violating models) depending on each possibility. In fact, in the R-
parity breaking models, since no additional particles to those in the minimal one 
are introduced, it is really only the experimental signatures of SUSY which are 
different . The mass spectrum, mechanism of SU(2) x U(l) breaking etc. are 
just like in the minimal model. Thus if one does not find a Higgs scalar h in the 
vicinity of M go or slightly above, one not only would rule out the minimal model 
but its R-parity breaking extensions. 

Some other extensions of the minimal model ( e.g., addition of extra gauge 
interactions or new extra heavy quarks or leptons etc. ) may be envisaged. 
Other possible modifications include giving up the unification assumption which 
relates different gaugino masses (e.g. M3 = Mi = Mi = M) or squark and 
slepton masses at the unification (or Planck) scale. One could just consider 
e.g. the most general SUSY-breaking "soft" terms consistent with experimental 
constraints (like absence of FCNC) [111] • I will not attempt to describe all these 
possibilities here. Instead, I will try to answer a question which is frequently 
posed: 

When will theorists give up low-energy SUSY? 

Well, the minimal model may be easier to rule out due to the highly restricted 
form of the Higgs mass spectrum. We already remarked that there is at least 
a scalar h whose mass is bounded from above by M^o. Including the effects of 
radiative corrections to the scalar potential makes this bound more flexible and 
perhaps h could be even 20 or 30 GeV higher [95] . Then LEP-II could be 
close (although perhaps not quite) to rule out (or confirm) the minimal model 
by checking just the Higgs mass spectrum. 

The general low energy supersymmetry idea (not only the minimal model) 
would require higher accelerator energies. One can use a naturality criterion 
[112] to give an idea of how large the masses of the SUSY-particles may be 
without requiring artificial fine-tuning. The idea is as follows. The mass scale 
of SU(2) x U{\) breaking is fixed by the size of the Higgs mass parameters ^1,2 
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in the scalar potential . These are related to the mass parameters of the model 
M, m, fi through equations of the type 

|/Ji,2 2 | ~ ci M 2 + c2 m2 + c3 \i2. (109) 

It is clear tha t if we increase the mass parameters M,m,fi ~^> 100 GeV, 
the masses |/xi,2 2 | (and consequently the size of the weak mass scale) will also 
increase unless we fine-tune the coefficients c\, c2, c$ in eq. (109) . This necessity 
for a fine-tuning is nothing other t han the natural i ty problem we discussed in 
the second lecture. Since, after all, we introduced supersymmetry to avoid this 
fine-tuning, it would be crazy to reinstall it again by making M,m,n arbitrarily 
large. Thus one could think of a natural i ty criterion by which one can make those 
mass parameters large as long as the fine-tuning of the c,'s required is not bigger 
than , say, a 10% . In this way one finds upper limits on M,m,n and, hence, 
upper limits on the SUSY masses which depend explicitly on these parameters . 
One then gets upper limits as follows [112] : 

M-g < 800 GeV 

rn-q < 800 GeV 

mj < 500 GeV (110) 

m* < 180 GeV 

m ^ < 100 GeV 

where xf ^s ^ e lightest chargino. These ranges of masses should be available 
to test at LHC and SSC as long as the experimental signatures are above back
ground. Thus, assuming that those signatures are good, it seems sensible to say 
that LHC and SSC should be sufficient to check the idea of low energy super-
symmetry. 
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12) STRINGS A N D STRING UNIFICATION 

We take now a step into the more speculative subject of string theory [113]. 
Strings are very interesting theories because they seem to provide the first exam
ples of theories with a consistent (finite) description of quantum gravity and at 
the same time are sufficiently rich to contain the rest of the observed interactions. 
Within the scheme of strings one can include previous unification attempts as 
well as the idea of low energy supersymmetry with the extra bonus of a finite 
theory of gravity. 

In these theories the fundamental objets are no longer pointlike particles but 
extended one-dimensional objects ("strings") and the observed particles corre
spond to some (lowest frequency) "vibration modes" of the string. However, in 
addition to these observed particles, there are an infinite number of extremely 
massive (~ Planck mass) particles (higher "string excitations") which complete 
the string spectrum and are unobservable at low energies. Thus the observed 
particle spectrum is a minute tip of an (infinitely big !) iceberg. Another im
portant point is that space and time (and the number of dimensions) are now 
dynamical variables instead of the "arena" in which physics takes place. I will 
not present an introduction to this extremely rich subject but I will discuss a few 
qualitative physical features which are important in order to understand the role 
of strings as unified theories of all interactions. 

We describe the motion of a pointlike particle by giving its position as a 
function of time. In a relativistic covariant form one has a four-vector X / 1 ( r ) 
which is a function e.g of the proper time r of the particle (fig. 34 a). 

a) particle b) open string 

fig.34. a) A propagating particle, b) A propagating open string. 
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The classical action of the free particle is given by the length of the world-line 
which is described when it propagates (S = m f ds, s =interval). An open string 
is a one-dimensional extended object whose extension is parametrized by a real 
parameter a (fig. 33,b). When it propagates in space, it sweeps a "world sheet" 
parametrized by a and a time-like variable r . Then each point in the evolution of 
the string is described by a co-ordinate Xft(a, r ) . One can see that , in analogy 
with the free particle, the classical action associated to the free string is given by 
the area swept by the world sheet, S = area/a'. The constant a' has dimensions 
of length 2 and is the fundamental constant of the free string. 

One may equally well consider "closed strings" as in fig. 35 

^XP 
fig.35. Space-time evolution of a closed string. 

A string of this type may have vibrations in one direction (e.g. as denoted 
by the arrows in the figure) or in the opposite. One calls them respectively "left-
handed" or "right-handed" vibrations. In intuitive terms, a string has associated 
to it an infinite number of harmonic oscillators. Upon quantization, one has (e.g., 
right-moving) creation operators a / , (n = I...00) and destruction operators or„'i, 
(n = — 1 , . . . — 00), \i being a Minkowski index. Analogous operators a£ exist for 
the "left-movers". In terms of them one writes as usual the "number operators" 

N = JTa-n»an» ; rfsf^.a*. ( I l l ) 
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One can then write down the formula for the mass of a given string state as 

m2 xa' = (N + N - 2 ) (112) 

where the (-2) is the "zero-point energy" of the oscillators. There is a physical 
constraint on the eigenvalues of N, N, N = N, which is required to avoid the 
existence of a privileged point (origin for measuring a) in the closed string. Then 
for N = N = 1 there is a massless state (m 2 = 0 in eq. (112) ) 

a i " a ? | 0 > (113) 

The symmetric combination of the Lorentz indices describes a massless particle 
of spin=2. This is nothing but the graviton, the mediator of gravitational inter
actions. Thus one can say that closed strings predict the existence of gravitation; 
they are necessarily theories of gravity. This is a remarkable fact since we have 
put gravitation nowhere to start with. There are more massless fields, the trace 

a1

fia^\0>= $ (114) 

is a massless scalar field, the "dilaton", and the antisymmetric combination of 
the two oscillators correspond to a two-index antisymmetric field I?*4". 

The above massless states do not look very realistic; there are no fermions 
nor realistic gauge bosons. Furthermore, the above "bosonic string" is sick. For 
N = N = 0 there is a scalar field with m 2 = —2a'~ (see eq. (112) ) . Since 
m 2 < 0 this particle is a "tachyon" and its presence in the spectrum makes 
the theory sick. One may avoid this problem and further introduce fermions 
in the spectrum if one constructs supersymmetric strings, the "superstrings". 
The idea is adding to the bosonic string co-ordinate X,l(a, r ) a SUSY-partner 
fermionic co-ordinate ^M(<7, r) . X* and W are supersymmetric partners in the 
two-dimensional world spanned by a and r ("world-sheet" supersymmetry). This 
turns out to lead to space-time supersymmetry in the usual sense. The presence 
of fermionic degrees of freedom cancels the (-2) zero-point energy in eq. (112) 
and one is left with no tachyons in the theory. 
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The above type of superstrings ("type-II") [114] turn out to be not very 
promising as candidates for unified theories of all interactions. The massless 
spectrum (the one which one has to identify with the observed particles) admits 
too few massless gauge bosons, not enough to include the full standard model. 

There is however a promising class of superstrings, the "heterotic" strings 
[115] . They are called heterotic because the right-movers and the left-movers in 
these theories are completely different. The left-moving vibrations of the string 
behave like a normal bosonic (non-SUSY) string whereas the right-movers behave 
like a superstring. Although it may sound bizarre, such types of constructions can 
be made to be consistent. In some sense this left-right asymmetry is reminiscent 
of that in the standard model, in which the left- and right-handed fermions 
interact differently. The simplest examples of such strings are defined in 10 space-
time dimensions, have as gauge group either 50(32) or E$ x E% and have space-
time supersymmetry. Many other examples with four space-time dimensions and 
an enormous variety of gauge groups can be constructed. The massless spectrum 
of some of these four-dimensional strings is remarkably close to the one of the 
supersymmetric standard model. 

String theories have some remarkable unification features. To start with, 
there is essentially only one type of interaction between closed strings (fig.36): 

fig.36. Closed string interaction. 
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two strings join into a single one. All interactions (gravitational, gauge, Yukawa, 
etc. ) originate from this elementary interaction. Thus all interactions are unified 
and, e.g., the Newton constant is related to the gauge coupling constants: 

GNewton = 9 Oc'k ( 1 1 5 ) 

where k (called the "level" of the gauge group) is a constant associated to the 
normalization of the gauge generators (it is an integer for non-Abelian groups). 
From this expression one concludes that in four dimensions the string tension has 
to be of the order of the Planck mass, a' ~ ( 1 0 1 8 G e F ) - 2 . 

There is an important point concerning couplings in string theory. Strings 
have only one independent constant which is the string tension a'. All coupling 
constants are in fact not constants but fields, and the measured experimental 
values correspond to the vacuum expectation values of those fields. For example, 
the gauge coupling constant g in eq.(115) is given by the vacuum expectation 
value of the scalar "dilaton" 

g2 = < $ > . (116) 

The couplings in string theory not only run (in the low energy field theoretical 
limit) but their value is determined by the dynamics fixing the vev of some 
scalars like $. Something similar happens for other couplings like Yukawas whose 
classical value depends both on the vev of the "dilaton" $ and other scalars in 
the theory collectively called "moduli". Thus if one was able to solve the theory 
exactly one could predict the numerical values of all coupling constants. 

Strings have remarkably improved ultra-violate behaviour compared with 
usual field theory. They do not have ultra-violate divergences at all . They 
may have infrarred divergences (induced by the presence of the tachyon) but 
even those disappear in the case of the supersymmetric strings. These theories 
are thus finite and need no regularization. Thus, in principle , the string would 
provide us with a definite regularization prescription to do computations with 
its low energy limit theories like, e.g.,QCD. In practice, of course, this would be 
very cumbersome and useless and the reasonable thing is to use the effective low 
energy theory. On the other hand, superstrings provide us for the first time with 
consistent (finite) theories of gravity, an outstanding merit. 
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The idea of strings is usually associated with the idea of extra (e.g. 26 or 
10 ) dimensions. This huge number of dimensions is not really required for any 
purpose. What is true is that the number of space-time dimensions appear as a 
new physical variable in string theory. One may start with a string theory with 
10 observable dimensions and may find that the dynamics of the theory prefers, 
e.g., four (or vice versa). The number of observable dimensions depends on the 
dynamics of a number of scalar fields (the "moduli") and in particular on their 
vacuum expectation values. It is easy to construct directly strings in four phys
ical space-time dimensions. Several techniques ("Calabi-Yau" compactifications 
[116] , "orbifolds" [117] , "4-dimensional fermionic strings" [118] , "covariant 
lattices" [119] , "N=2 tensor products" [120] ) allow for the construction of such 
types of 4-dimensional strings. Very often (maybe always [121] ) one can derive 
the 4-dimensional strings starting from one of the two 10-dimensional heterotic 
strings and "compactifying" 6 of those dimensions. This means assuming that 
the original 10-dimensional Minkowski space collapses 

Mio —> M 4 ® K6, (117) 

into the direct product of the usual 4-dimensional Minkowski space times an 
extremely small 6-dimensional variety K$. This variety has a size of the order of 
~ 1/Mplanck and hence its associated 6 dimensions are invisible. This collapse 
from ten to four space-time dimensions is called spontaneous compactification. 
The size and shape of KQ is given by the vev's of the moduli of the particular 
model considered. There is always at least one "modulus" [122] scalar T whose 
real part gives the average size ("radius of compactification R") of K$. A non-
vanishing vacuum expectation value for ReT ~ 1/-Mp;ancjt would signal that a 
reduction from ten to four dimensions has taken place. On the other hand, this 
geometric notion of compactification is not compulsory; one may work with a 
theory formulated directly in four dimensions. Yet these direct 4-dimensional 
strings will have moduli scalars in their spectrum which again can lead to a 
different number of visible space-time dimensions depending on their vev's. 

Due to the absence of tachyons (and also because of providing a solution to 
the naturality problem), 4-dimensional strings with space-time supersymmetry 
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are preferred. Since strings necessarily include gravity, the low energy limit of 

this type of strings will be of the N = 1 supergravity [78] type. An obvious 

question then is how can one use the 4-dimensional heterotic strings as unified 

theories of all interactions. One has to look for examples of strings with an 

SU(3) x SU(2) x £7(1) gauge group (or some extension like a S£7(5) or 5 0 ( 1 0 ) 

etc.), three quark-lepton generations etc. Some examples of these characteristics 

have already been found including "Calabi-Yau" compactifications [123] , orbifold 

models [124] and "flipped-S£7(5)" [125] types of models. I will not describe any 

particular model here but I will show some aspects which appear to be generic 

and are likely to be present in many of the possible semi-realistic models one can 

build at the moment. As the reader will see, from the low energy effective field 

theory point of view, there are many aspects resembling what happens in the low 

energy supergravity models. On the other hand, string unification has ^s own 

rules and leads to substantial constraints. The technicalities of 4-c' -nsional 

string construction are substantial, so I will just enumerate some fundamental 

features of these models. 

1) In gauge theory model-building one is used to choosing particle content, 

gauge interactions, Yukawa couplings etc. at will. This is not possible in strings. 

Once you choose your model, your particle content, gauge group and interactions 

are fixed. You cannot e.g. take away a Higgs field or whatever without ruining 

the whole theory. In particular, the property of "modular invariance" of closed 

strings constrains the particle spectrum very strongly. The property of modular 

invariance can be considered as the stringy version of anomaly cancellations. 

2) If one builds an SU(3) x SU(2) x Î7(l) string, the gauge coupling constants 

are unified with the Newton coupling constant as follows [126] : 

9i2h = g22k2 = g$2h = —rGNewton (118) 
a 

where ki are the "levels" of the £7(1), SU(2) and S£7(3) groups. For the case of 

SU(2) and SU(3) the levels are integer numbers. For the case of £7(1) k\ is a real 

number, and is usually rational in most models. In most of the strings built up 

to now one has £3 = k2 = 1 whereas k\ depends on each model. From equation 
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(118) one finds at the string scale 

siv?ew = 2 _ ( 1 1 9 ) 

«1 + «2 

For strings with &i = 5/3 one recovers the standard grand unification result 3/8. 
However, the low energy value, of course, depends on the renormalization group 
corrections from the string scale down to the weak scale. In most of the models 
constructed up to now the low energy spectrum is not just the one of the SUSY-
SM, there are further massless extra states, and hence one has to include them 
in the computation. 

3) In many 4-dimensional strings there can be (colour-singlet) particles with 
fractional charge (e.g.,q — ±1/2 , ±1/3 ). This is rather generic in string theory 
whereas this is not the case in standard GUTs like those based on SU(5), 50(10) 
or E§. In fact, in string theory there are always fractionally charged states unless 
the group "levels" obey the condition [127] 

4fc3 + 3k2 + 3fca = 0 mod 12 (120) 

The standard GUT choice k2 = kz = 1, k\ = 5/3 obeys this equation. However in 
this case it can be shown [127] that there is an exact unbroken SU(5) symmetry 
which survives down to low energies, which would be a disaster (we only want 
SU(3) x SU(2) x U(l) to survive at low energies !). Then, there are three 
possibilities: i) One builds theories with non-canonical fc, values. This has the 
problem that one does not easily reproduce the successful SUSY-GUT prediction 
for sin26\v- ii) One chooses the canonical values for the fc,'s and builds theories 
in which the fractionally charged particles are very heavy (this is what happens 
in the original "Hosotani-Witten" symmetry breaking mechanism [128] ). iii) 
One chooses the canonical values for the k^s and tries to live with possible new 
fractionally charged states at relatively low energies. Although the latter is a 
possibility which has certain cosmological difficulties, the search for fractionally 
charged particles seems to be an interesting hint for string dynamics. 

4) In standard gauge theory model building one may put particles in arbi
trarily large multiplets under the gauge group. In string theory, depending on 
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the "level" of the gauge group, laxge multiplets can never be light. In particular, 
a particle which transforms like a (#3, R2, Y) representation of SU(3) x SU{2) x 
f7(l) cannot be light unless 

where C(R) is the quadratic Casimir of R in the adjoint representation of the 
group* . There is a further independent constraint which says (in the case of 
SU(N) groups) that the "Young tableaux" corresponding to the representation 
R cannot have more than k columns [129] . Thus e.g, an adjoint representation 
has two columns and so there cannot be adjoint Higgses for k = 1. This has 
important consequences for model building. For example, a string with a unified 
SU(5) theory would need adjoint Higgses to do the breaking down to SU(3) x 
SU(2) x U(l). Then, only for k > 2 can one obtain consistent GUT's from strings 
[129] . Also, in theories with kz = 1 (almost all built up to now), only SU(2)i 
doublets (and no triplets nor anything bigger) may be light. This provides an 
explanation for the p = 1 experimental result and also implies that "Majoron" 
types of models can only be obtained for &2 > 2. One can also derive expressions 
similar to (121) for unifying gauge groups like SU(5) and 50(10). One finds for 
example [130] that the standard "see-saw" 50(10) mechanism (which requires 
a 126-plet of Higgses) or the "missing partner" [131] SU(5) mechanism (which 
requires 50-plets ) cannot work unless one has for the corresponding levels k > 5 
[130] . Strings with such high levels are not only very difficult to build but 
unlikely to be realistic since they will have many other bizarre massless multiplets. 
This is an example of how mechanisms previously used in unification models no 
longer work in the string context. 

5) String models present essentially two type of internal symmetries: a) 
gauge symmetries b) discrete symmetries. There cannot be continuous global 
(ungauged) internal symmetries (like, e.g., exact B or L or U(1)PQ symmetries). 
It can be proved [132] that any such continuous symmetry is necessarily gauged. 
This is again a strong constraint. Furthermore, very often many of the dis
crete symmetries are "gauge", i.e., they may be understood as residual unbroken 

* IÎT(R) is defined in the usual way TrTaTb = T(R)6ab, one has C(R)dim(R) = T(R)dimG. 
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discrete subgroups of an originally gauged continuous group which was sponta

neously broken for some vev's of the moduli. Concerning SUSY, an important 

property is that in strings it cannot be continuously broken in a perturbative 

way [132] . One can build SUSY and non-SUSY strings but there is no consis

tent way to connect one with the other in a continuous way. This implies that 

there cannot be spontaneous SUSY breaking unless it has some non-perturbative 

origin. 

6) From the string model point of view, the fact that there are more than 

one quark-lepton generation is generic. One can build models with any number 

and one (or three for that matter ) is not special. In the specific models built 

up to now, there are also extra light particles like extra quarks, leptons or Higgs 

doublets. The gauge group is also bigger than the SM although typically the usual 

quarks and leptons do not couple to a ("hidden") sector of the gauge group. This 

"hidden" sector of the gauge group may play a role similar to the one discussed 

in the context of the low energy supergravity models [133] . 

7) Often, in specific string models, there are "pseudo-anomalous" £7(l)'s. In 

these models, if one computes the anomaly (as in the first lecture) of a a certain 

£7(1) one naively finds a non-vanishing result. But if one takes into account the 

effect of the heavy string modes, the anomaly is cancelled [134] . This mechanism 

of anomaly cancellation is very stringy in origin. In the presence of one of these 

"pseudo-anomalous" i7(l)'s, the gauge piece (eq. (65) ) of the scalar potential 

associated to this f/(l) gets an extra [135] (one-loop) piece proportional to the 

gauge coupling constant g (or equivalently, the dilaton $) : 

VU(iU = ^ 2 ( £ ^ ' | ^ l 2 + ̂ (TrQA))
i (122) 

i 

where <j>{ are the scalars in the theory with non-vanishing U(1)A charge and 

TTQA is the sum of the U(\)A charges of the whole massless spectrum. For an 

anomalous U(\)A one has TrQA ^ 0 and, hence, the minimization of VJJ^A forces 

some of the scalars fa to get a non-vanishing vev (so that the minimum Vu(i)A

 = 

0 is reached ). Thus the presence of pseudo-anomalous Ï7(l)'s automatically 

triggers [136] further gauge symmetry breaking. This is in general an attractive 

property since the gauge group is typically very big in string models. The U(1)A 

222 



itself is also spontaneously broken at a scale ~ et x Mpianck and it becomes 
massive by swallowing a linear combination of the dilaton $ and some of the 4>i 
charged fields. 

8) The structure of quark-lepton Yukawa couplings is very much constrained 
by the gauge symmetries of the model. All models have some sort of "family 
symmetries", either gauge or discrete, which give different quantum numbers to 
different generations. Many trilinear fermion-fermion-Higgs couplings are forbid
den by these symmetries and only a few of them (presumably corresponding to 
the heaviest third generation) are non-vanishing. These non-vanishing trilinear 
couplings are typically of order ~ g, the gauge coupling constant. In particular, 
for the top quark one often gets m t = htU2 ~ «72 ̂ 2 = V2sinj3Mw (tgfl = vijv{). 
Taking into account the renormalization effects from the Planck mass down to 
the weak scale, a value m< ~ 170 GeV easily appears in this kind of models 
[124],[125] . However, this cannot be considered as a string prediction, it is just 
an indication of a possible natural value within the context of large class of string 
models. 

For the lighter quarks and leptons, the models studied up to now present 
non-renormalizable couplings of the general form 

M Planck" 

where / = quark or lepton, H — Higgs and <f> is a generic symbol for some 
extra scalars, singlets under the SM (but charged with respect to other gauge 
interactions in the theory) usually present in all models. Once the ĉ 's get large 
vev's of the order (or slightly smaller) than Mpianck, effective (small) Yukawa 
couplings are typically generated for the lightest generations. 

and 9) In four-dimensional strings there are a number of scalar fields, the 
"moduli", whose (unknown) vev's determine features like the size of the gauge 
coupling constants (the dilaton $) , number of dimensions (e.g. ReT = R2, 
i?=compactification radius) or size of effective Yukawa couplings (e.g., the scalars 
<f> in eq. (123) ). At the classical level the scalar potential of all these fields 
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vanishes, 

VM(*,T,<f>,...) = 0 (124) 

Due to the "non-renormalization theorems" of supersymmetry, it still vanishes 
order by order in perturbation theory. Only non-perturbative effects may gener
ate a non-trivial potential VM which would eventually determine < $ >, 
< T >, < <f> > , . . and hence the complete properties of the four-dimensional string. 
This is the outstanding problem in string theory, learning how non-perturbative 
effects choose the vacuum. 

It is well known that the non-perturbative structure of a simple theory like 
QCD is far from being completely understood. It seems then hopeless to pretend 
that the non-perturbative structure of theories as complicated as strings (at least 
in their present formulation) may be understood in the near future. 

A less ambitious possibility is trying to find general constraints on VM from 
i) symmetry considerations, ii) phenomenological considerations. Within the 
first approach the presence of "duality" symmetries [137] is specially promis
ing. Those are discrete (but infinite) groups which act on the moduli scalar 
fields. One of the transformations in these symmetries involves an invariance 
under R —» 1/.R, where R is the radius of compactification. This is a remarkable 
stringy symmetry without a field theoretical counterpart. It has recently been 
shown that those symmetries may restrict in a substantial way [138] the possible 
form of a non-perturbative potential like VM • From the more phenomenological 
side, one can consider non-perturbative dynamics more or less well understood 
in field theory and try to translate it to string theory. For example, many four-
dimensional strings have non-Abelian strong interactions in some "hidden sector" 
which does not directly couple to the SM. In this situation, a "gaugino conden
sation" (similar to techniquark condensates) may occur [139] , [133] . The 
formation of condensates < A A > = A 3 ^ 0 of gauginos A is a non-perturbative 
effect which is known to break SUSY spontaneously generating a contribution to 
the energy [133] 

I <r XX •> I 2 3 
V ~ f / 2 ~ \*~?\2 MPlanck\ (125) 

However, in string theory the gauge coupling constant is itself related to the 
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vev of the dilaton field $. Furthermore, one can see that the string loop effects 
[140] introduce also a dependence on the compactification radius ReT and hence 
g2 = g2($,T). Plugging this back into eq. (125) a non-perturbative potential 
Vjl/($,T) induced by gaugino condensation is obtained [141] . One can further 
impose duality type of symmetries to further restrict the form of V\f. Within this 
approach one can see that a non-trivial potential for the modulus T is obtained 
which forces the theory to be compactified [141] , [142] . 

In the above lines I have tried to give a general overview of some general 
properties shared by large classes of four-dimensional strings. They constitute 
unified theories of all interactions, including gravity for the first time. In my 
opinion, that makes them superior to all previous unification attempts. The 4-
dimensional string model building has its own rules and fundamental constraints 
and is still in its infancy. A lot of work is still required in order to clarify what 
is the space of realistic 4-dimensional strings and what are the common features 
of these models which could be then checked directly or indirectly. 

13) F I N A L C O M M E N T S 

We come to the end of this long excursion beyond the standard model world. 
The theoretical effort dedicated to this broad subject in the last decade is enor
mous. A moment has been reached at which the experimental information should 
take the leading role. Maybe the observation of the depletion of the ammount of 
solar neutrinos is the first evidence for the necessity of physics beyond the stan
dard model. Maybe we will have to wait till LEP-II, LHC or SSC are operative 
to find new physics. The experimental check of low energy supersymmetry seems 
to be one of the important experimental challanges of forthcoming accelerators. 
If SUSY was confirmed, the measurement of the spectrum of SUSY masses would 
give precious information. These data could substantially constrain theoretical 
ideas like strings. If SUSY is ruled, out we will have to revive the composite 
scenarios and use our ingenuity to try to find viable models. In any case, the 
construction of those accelerators could give the final answer to our quest. 

225 



REFERENCES 

[1] H. Georgi, Nucl. Phys. £156 (1979) 126. 

[2] S. Adler, Phys.Rev. 177 (1969) 2426. 

J.S. Bell and R. Jackiw, Nuovo Cimento 60A (1969) 47. 

[3] R. Delbourgo and A. Salam, Phys. Lett. 40g. (1972) 381; 

T. Eguchi and P. Freund, Phys.Rev.Lett. 37 (1976) 1251. 

[4] L. Alvarez-Gaumé and E. Witten, Nucl. Phys. ,5234 (1983) 269. 

[5] L. E. Ibâfiez, Proceedings of the 5-th ASI on Techniques and Concepts of 

High Energy Physics, St. Croix (Virgin Islands), July 14-25, 1988. Edited 

by T. Ferbel, Plenum Press (1989). 

[6] A. Font, L.E. Ibâiiez and F. Quevedo, Phys.Lett. B228 (1989) 79. 

[7] C. Geng and R. Marshak, Phys.Rev. D39 (1989) 693; 

J. Minahan, P. Ramond and R. Warner, Phys.Rev. D41 (1990) 715; 

K. Babu and R. Mohapatra, Phys.Rev. D41 (1990) 271. 

[8] Particle Data Group, Phys.Lett. B204 (1988) 1. 

[9] G. 't Hooft, in "Recent Developments in Gauge Theories", ed. by G. 't 

Hooft et al., Plenum Press, New York (1981). 

[10] For reviews of the strong-CP problem see: 

J. E. Kim, Phys.Rep. 150 (1987) 1; 

H. Y. Cheng, Phys.Rep. 158 (1988) 1. 

[11] I. S. Altarev et al., JETP Lett. 44 (1986) 461. 

[12] K. M. Smith et al., Phys. Lett. B234 (1990) 191. 

[13] R. Peccei and H. Quinn, Phys.RevLett. 38 (1977) 1440; Phys.Rev. D16 

(1977) 1791. 

[14] S. Weinberg, Phys.Rev.Lett. 40 (1978) 223; 

F. Wilczek, Phys.Rev.Lett. 40 (1978) 279. 

[15] D. Dicus et al., Phys. Rev. 1)22 (1980) 839; 

M. Fukugita, S. Watamura and M. Yoshimura, Phys. Rev. £>26 (1982) 

226 



1840; 
A. Pantziris and K. Kang, Phys. Rev. DZ3 (1986) 3509. 

[16] R. Mayle, J. Wilson, J. Ellis and K. Olive, Phys. Lett. 2192? (1989) 515. 

[17] J. Preskill, M. Wise and F. Wilczek, Phys. Lett. 120B (1983) 127; 
L. Abbott and P. Sikivie, Phys. Lett. 120.5 (1983) 133; 
M. Dine and W. Fischler, Phys. Lett. 120B (1983) 137. 

[18] J. E. Kim, Phys.Rev.Lett. 43 (1979) 103; 
M. Shifman, A. Vainstein and V. Zakharov, Nucl. Phys. £116 (1980) 493; 
M. Dine, W. Fischler and M. Srednicki, Phys. Lett. 1042? (1981) 99. 

[19] A. Nelson, Phys. Lett. 13623 (1984) 387; Phys. Lett. 1432? (1984) 165; 
S. Barr, Phys.Rev.Lett. 53 (1984) 329;Phys. Rev. 2230 (1984) 1805; 
S. Barr and A. Masiero, Phys. Rev. 2)38 (1988) 366. 

[20] E. Gildener, Phys. Rev. DU (1976) 1667. 

[21] M. Veltman, Phys.Rev.Lett. 34 (1975) 77 ; 
A. Linde, JETP.Lett. 19 (1974) 183. 

[22] S. Weinberg, Phys. Rev. D13 (1976) 974;Phys. Rev. £ 1 9 (1979) 1277; 
L. Susskind, Phys. Rev. 2220 (1979) 2619; 
E. Farhi and L. Susskind, Phys.Rep. 74C (1981) 2777. 

[23] S. Dimopoulos and L. Susskind, Nucl. Phys. £155 (1979) 237; E. Eichten 
and K. Lane, Phys. Lett. 902? (1980) 125. 

[24] S. Dimopoulos and J. Ellis, Nucl. Phys. £182 (1981) 505. 

[25] B. Holdom, Phys. Rev. 2224 (1981) 1441;Phys. Lett. 1502? (1985) 301; 
K. Yamawaki, M. Bando and K. Matumoto, Phys.Rev.Lett. 56 (1986) 1335; 
T. Appelquist, D. Karabali and L. Wijewardhana, Phys.Rev.Lett. 57 (1986) 
957; 
T. Appelquist and L. Wijewardhana, Phys. Rev. D36 (1987) 568; 
S. Raby and G. Giudice, Ohio preprint DOE/ER/01545-447 (1990). 

[26] Y. Nambu, in New Theories in Physics, proceedings of the Xlth Kazimierz 
Symposium, (1988). World Scientific (1989). 

227 



[27] W. Bardeen, C. Hill and M. Lindner, Phys. Rev. ,041 (1990) 1647; 
V. Miransky, M. Tanabashi and K. Yamawaki, Mod.Phys.Lett. A4 (1989) 
1043; Phys. Lett. 221B (1989) 177. 

[28] CDF Collaboration (presented by G. P. Yeh), Fermilab-Conf-90/138-E 
(1990). 

[29] E. Fernandez, CERN-PPE/90-151, talk given at the Neutrino-90 Confer
ence, CERN, June 1990. 

[30] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345. 

[31] CDF Collaboration (presented by S. Bertolucci), Fermilab-Conf-90/45-T 
(1990). Proceedings of the 8th Topical Workshop on p — p Collider Physics, 
Castiglione (1989). 

[32] M. Chanowitz and M. K. Gaillard, Nucl. Phys. £261 (1985) 379; 
M. Chanowitz, M. Golden and H. Georgi, Phys. Rev. £>36 (1987) 149; 
Phys.Rev.Lett. 57 (1986) 2344. 

[33] A. Dobado and M. Herrero, Phys. Lett. 228B (1989) 495; Phys. Lett. 233B 
(1989) 505; 
J. F. Donaghue and C. Ramirez, Phys. Lett. 234.8 (1990) 361. 

[34] A. Dobado, D. Espriu and M. Herrero, CERN-TH.5785/90 (1990). 

[35] M. Peskin and T. Takeuchi, SLAC-PUB-5272 (1990). 

[36] M. Golden and L. Randall, Fermilab preprint FERMILAB-PUB-90/83-T 
(1990). 

[37] W. Marciano and J. Rosner, BNL-44997 (1990). 

[38] A. Ringwald, Nucl. Phys. £330 (1990) 1. 

[39] 0 . Espinosa, Caltech preprint CALT-68-1586 (1989). 

[40] G. 't Hooft, Phys.Rev.Lett. 37 (1976) 8; Phys. Rev. D14 (1976) 3422. 

[41] V. Kuzmin, V. Rubakov and M. Shaposnikov, Phys. Lett. 155ff (1985) 36. 

[42] F. Klinkhamer and N. Manton, Phys. Rev. D30 (1984) 2212. 

[43] H. Georgi and S. L. Glashow, Phys.Rev.Lett. 32 (1974) 32. 

228 



[44] J. Pati and A. Salam, Phys. Rev. D10 (1974) 275. 

[45] H. Georgi, H. Quinn and S. Weinberg, Phys.Rev.Lett. 33 (1974) 451. 

[46] For a review on Grund Unified Theories see: 
G.G. Ross, "Grand Unified Theories", Benjamin Inc. (1984); 
P. Langacker, Phys.Rep. 72C (1981) 185. 

[47] 1MB Collaboration, S. Seidel et al. Phys.Rev.Lett. 61 (1988) 2522; 
Kamiokande-II Collaboration, K. Hirata et al. Phys. Lett. 220£ (1989) 
308; 
Ch. Berger et al., Nucl. Phys. .5313 (1989) 509; 
T. Philips et al., Phys. Lett. 224£ (1989) 348. 

[48] W. Marciano and A. Sirlin, Phys. Rev. D22 (1980) 2095; Nucl. Phys. £189 
(1981) 442; 
C. H. Llewellyn-Smith, G. G. Ross and J. Wheater , Nucl. Phys. £177 
(1981) 263. 

[49] A. Buras, J. Ellis, M. K. Gaillard and D. Nanopoulos, Nucl. Phys. £195 
(1978) 66. 

[50] H. Georgi, unpublished; 
H. Fritzsch and P. Minkowski, Ann.Phys. 93 (1975) 193; 
H. Georgi and D. Nanopoulos, Nucl. Phys. £159 (1979) 59. 

[51] H. Georgi and D. Nanopoulos, Nucl. Phys. £159 (1979) 16; 
F. del Aguila and L. E. Ibafiez, Nucl. Phys. £177 (1981) 60. 

[52] A.D. Sakharov, Pisma ZhETF, 5 (1967) 32. 

[53] V. A. Kuzmin, Pisma ZhETF, 13 (1970) 335. 

[54] L. Okun and Y. Zeldovich, Comm.Nucl.Part.Phys. 6 (1976) 69. 

[55] A. Y. Ignatiev, N. Krasnikov, V. Kuzmin and A. Takhelidze, Phys. Lett. 
76£ (1978) 436; 
M. Yoshimura, Phys.Rev.Lett. 41 (1978) 281; 
S. Dimopoulos and L. Susskind, Phys. Rev. D18 (1978) 4500; 
S. Weinberg, Phys.Rev.Lett. 42 (1979) 850. 

229 



[56] P. Arnold and L. McLerran, Phys. Rev. ,037 (1988) 1020; 
S. Khlebnikov and M. Shaposnikov, Nucl. Phys. £308 (1988) 885; 
D. Grigoriev, V. Rubakov and M. Shaposnikov, Phys. Lett. 216B (1989) 
172. 

[57] G. Gelmini and M. Roncadelli, Phys. Lett. 995 (1981) 411; 
H. Georgi et al., Nucl. Phys. £193 (1983) 297. 

[58] For a review see e.g. J. Valle, Valencia preprint FTUV/90-36, to appear in 
Progress in Particle and Nuclear Physics. 

[59] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van 
Nieuwenhuizen and D. Freedman (North-Holland 1979) p. 315; 
T. Yanagida, Proceedings of the Workshop on Unified Theories and the 
Baryon Number of the Universe, KEK, Japan (1979). 

[60] B. Pontecorvo, Sov.Phys. JETP 6 (1958) 429; ibid. 7 (1958) 172. 

[61] L. Moscoso, Saclay preprint DPhPE 90-14 (1990), to appear in the Pro
ceedings of "Neutrino 90", CERN, June 1990. 

[62] R. Davis, D. Harmer and K. Hoffman, Phys.Rev.Lett. 20 (1968) 1205; 
J. Rowley, B. Cleveland and R. Davis, in "Solar Neutrinos and Neutrino 
Astronomy, edited by M. L. Cherry; 
K. Lande, "Neutrino 90", Proceedings of the 14th Int. Conf. on Neutrino 
Physics and Astrophysics. Editor K. Winter (North-Holland), in press. 

[63] K. S. Hirata et al. Phys.Rev.Lett. 63 (1989) 16; Phys.Rev.Lett. 65 (1990) 
1301; KEK preprint 90-43 (1990); 
A. Suzuki, KEK preprint 9-31 (1990). 

[64] J. N. Bahcall and R. K. Ulrich, Rev.Mod.Phys. 60 (1988) 297. 

[65] S. Mikheyev and A. Smirnov, Sov.J.Nucl.Phys. 42 (1985) 913; 
L. Wolfenstein, Phys. Rev. D17 (1978) 2369; Phys. Rev. D20 (1979) 2634; 
For a review see: 
S. Mikheyev and A. Smirnov, Sov.Phys.Usp. 30 (1987) 759. 

[66] V.N. Gavrin in "Neutrino 90", CERN, June 1990; 
T. Kirsten, ibid. 

230 



[67] A. Cisneros, Astrophys.Space Sci. 10 (1981) 87; 

L. Okun, M. Voloshin and M. Vysotsky, Sov.J.Nucl.Phys. 91 (1986) 754; 

Sov. Phys. JETP 64 (1986) 446. 

[68] K. Babu and V. Mathur, Phys. Lett. 196£ (1987) 218; 

M. Fukugita and T. Yanagida, Phys.Rev.Lett. (1987) 1807. 

[69] Y. Golfand and E. Likhtman, JETP Lett. 13 (1971) 323; 

D. Volkov and V. Akulov, Pis'ma Zh.ETF 16 (1972) 621; 

P. Ramond, Phys. Rev. DZ (1971) 2415. 

[70] J. Wess and B. Zumino, Nucl. Phys. 570 (1974) 139. 

[71] M. Veltman, Acta Phys.Polon. B12 (1981) 437; 

L. Maiani, Proceedings of the Summer School of Gif-Sur-Yvette (Paris 

1980); 

E. Witten, Nucl. Phys. £188 (1981) 513. 

[72] For phenomenological discussions of supersymmetry see: 

H. P. Nilles, Phys.Rep. C110 (1984) 1; 

H. Haber and G. Kane, Phys.Rep. C117 (1985) 75. 

[73] S. Dimopoulos, S. Raby and F. Wilczek, Phys. Rev. D24 (1981) 1681. 

[74] L. E. Ibanez and G. G. Ross, Phys. Lett. 105£ (1982) 439; 

M. Einhorn and D. R. T. Jones, Nucl. Phys. £196 (1982) 475. 

[75] P. Langacker, Pennsylvania preprint UPR-0435T (1990). 

[76] S. Weinberg, Phys. Rev. £ 2 6 (1982) 287; 

N. Sakai and T. Yanagida, Nucl. Phys. £197 (1982) 533. 

[77] S. Dimopoulos, S. Raby and F. Wilczek, Phys. Lett. 112£ (1982) 133; 

J. Ellis, D. Nanopoulos and S. Rudaz, Nucl. Phys. £202 (1982) 43. 

[78] E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Nucl. Phys. 

£212 (1983) 413. 

[79] L. E. Ibâfiez, Phys. Lett. 118£ (1982) 73; Nucl. Phys. £218 (1983) 514. 

[80] R. Barbieri, S. Ferrara and C. Savoy, Phys. Lett. 119£ (1982) 343; 

P. Nath, R. Arnowitt and A. Chamseddine, Phys. Lett. 49£ (1982) 970. 

231 



[81] L. E. Ibânez, Nucl. Phys. .5218 (1983) 514. 

[82] L. E. Ibânez and C. Lopez, Phys. Lett. 1262? (1983) 54; Nucl. Phys. £233 

(1984) 511. 

[83] L. Alvarez-Gaumé, J. Polchinsky and M. Wise, Nucl. Phys. £221 (1983) 

495. 

[84] J. Ellis, J. Hagelin, D. Nanopoulos and K. Tamvakis, Phys. Lett. 1252? 

(1983) 275. 

[85] H. P. Nilles, Phys. Lett. 1152? (1982) 193. 

[86] H. P. Nilles, M. Srednicki and D. Wyler, Phys. Lett. 1202? (1983) 275. 

[87] J. Ellis and D. Nanopoulos, Phys. Lett. 1102? (1982) 211; 

R. Barbieri and R. Gatto, Phys. Lett. 1102? (1982) 211; 

T. Inami and C. S. Lim, Nucl. Phys. 2?207 (1982) 593. 

[88] L. E. Ibânez, Phys. Lett. 1372? (1984) 160; 

J. Hagelin, G. Kane and S. Raby, Nucl. Phys. 2?241 (1984) 638. 

[89] K. Inoue et al., Prog.Theor.Phys. 67 (1982) 1859. 

[90] L. E. Ibânez and G. G. Ross, Phys. Lett. 1102? (1982) 227. 

[91] K. Inoue et al., Prog.Theor.Phys. 68 (1982) 927. 

[92] L. E. Ibânez, C. Lopez and C. Munoz, Nucl. Phys. 2?256 (1985) 218. 

[93] S. Jones and G. G. Ross, Phys. Lett. 1552? (1984) 69; 

C. Kounnas, A. Lahanas, D. Nanopoulos and M. Quiros, Nucl. Phys. 2?236 

(1984) 438. 

[94] R. Flores and M. Sher, Ann.Phys. 148 (1983) 95; 

H. P. Nilles and M. Nussbaumer, Phys. Lett. 1452? (1984) 73; 

P. Majumdar and P. Roy, Phys. Rev. D30 (1984) 2432. 

[95] H. E. Haber and R. Hempfling, Santa Cruz preprint SCIPP-90/42 (1990); 

J. Ellis, G. Ridolfi and F. Zwirner, CERN-TH.5946/90 (1990). 

[96] J. Ellis and G. G. Ross, Phys. Lett. 1172? (1982) 397; 

J. Ellis, L. E. Ibânez and G. G. Ross, Nucl. Phys. 2?221 (1983) 445; 

232 



A. Chamseddine, P. Nath and R. Arnowitt, Phys. Lett. 129B (1983) 445; 
P. Dicus, S. Nandi and X. Tata, Phys. Lett. 129.5 (1983) 451. 

[97] H. Baer, X. Tata and J. Woodside, Phys.Rev.Lett. 63 (1989) 352;Phys. 
Rev. D41 (1990) 906; 
H. Baer, D. Karatas and X. Tata, Florida State University preprint FSU-
HEP-900430. 

[98] C. Albajar, C. Fuglesang, S. Hellman, F. Pauss and G. Polesello, Proceed
ings of the LHC-Workshop, Aachen (1990). CERN 90-10 (1990). 

[99] L3 Collaboration, B. Adeva et al.,Phys. Lett. 233ff (1989) 530; 
ALEPH Collaboration, D. Decamp et al., Phys. Lett. 236B (1990) 86; 
OPAL Collaboration, M. Z. Akrawy et al., Phys. Lett. 240B (1990) 261; 
DELPHI Collaboration, P. Abreu et al., Phys. Lett. 247B (1990) 157. 

[100] DELPHI Collaboration, P. Abreu et al., CERN-EP/90-80 (1990). 

[101] ALEPH Collaboration, D. Decamp et al., CERN-EP/90-63 (1990); 
DELPHI Collaboration, P. Abreu et al., CERN-EP/90-80; 
OPAL Collaboration, M. Z. Akrawy et al., CERN-PPE/90-95; 
MARK-II Collaboration, S. Komamiya et al., Phys.Rev.Lett. 64 (1990) 
2984. 

[102] R. Barbieri, G. Gamberini, G. Giudice and G. Ridolfi, Phys. Lett. 195.B 
(1987) 500; Nucl. Phys. £296 (1988) 75; 
A. Bartl et al., preprints HEPHY-PUB 526/89 and UWThPh-1989-38 
(1989); 
J. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. 237B (1990) 423. 

[103] ALEPH Collaboration, D. Decamp et al., Phys. Lett. 237B (1990) 291; 
DELPHI Collaboration, P. Abreu et al., Phys. Lett. 245B (1990) 276; 
OPAL Collaboration, M. Z. Akrawy et al., CERN-EP/90-100 (1990); 
L3 Collaboration, B. Adeva et al., CERN-PPE-L3-015 (1990); 
MARK-II Collaboration, S. Komamiya et al. Phys.Rev.Lett. 64 (1990) 
2881. 

[104] For a useful "Higgs-hunting guide" see: S. Dawson, J. Gunion, H. Haber 
and G. Kane, BNL-41644 (1989) (to appear in Phys.Rep.). 

233 



[105] L. E. Ibânez and J. Mas, Nucl. Phys. £286 (1987) 107. 

[106] J. P. Derendinger and C. Savoy, Nucl. Phys. £237 (1984) 307. 

[107] M. Drees, Int.Jour.Mod.Phys.A 4 (1989) 3635; 

J. Ellis, J. Gunion, H. Haber, L. Roszkowski and F. Zwirner, Phys.Rev. 

D39 (1989) 844. 

[108] L. Hall and M. Suzuki, Nucl. Phys. £231 (1984) 419; 

I. Lee, Nucl. Phys. £246 (1984)) 120. 

[109] F. Zwirner, Phys. Lett. 132£ (1983) 103; 

R. Barbieri and A. Masiero, Nucl. Phys. £267 (1986) 679. 

[110] S. Dimopoulos and L. Hall, Phys. Lett. 196£ (1987) 135; Phys. Lett. 207£ 

(1988) 216; 

S. Dimopoulos et al. Phys. Rev. I>41 (1990) 2099. 

[Il l] L. Hall and L. Randall, LBL-28879 (1990). 

[112] R. Barbieri and G. Giudice, Nucl. Phys. £296 (1988) 75. 

[113] M. Green, J. Schwarz and E. Witten, "Superstring Theory", Vols I and II, 

Cambridge University Press (1986) ; 

D. Gross, in Proceedings of the 1986 ASI School (Virgin Islands), Plenum 

Press (1987). 

[114] M. Green and J. Schwarz, Nucl. Phys. £255 (1985) 93. 

[115] D. Gross, J. Harvey, E. Martinec and R. Rohm, Nucl. Phys. £256 (1985); 

Nucl. Phys. £267 (1986) 75. 

[116] P. Candelas, G. Horowitz, A. Strominger and E. Witten, Nucl. Phys. £258 

(1985) 46. 

[117] L. Dixon, J. Harvey, C. Vafa and E. Witten, Nucl. Phys. £261 (1985) 651; 

L. E. Ibânez, H. P. Nilles and F. Quevedo, Phys. Lett. 187£ (1987) 25; 

K. Narain, M. Sarmadi and C. Vafa, Nucl. Phys. £288 (1987) 951; 

L. E. Ibânez, J. Mas, H. P. Nilles and F. Quevedo, Nucl. Phys. £301 (1988) 

157. 

[118] H. Kawai, D. Lewellen and S. Tye, Phys.Rev.Lett. 57 (1986) 1832; Nucl. 

Phys. £288 (1987 )1; 

234 



I. Antoniadis, C. Bâchas and C. Kounnas, Nucl. Phys. £289 (1987) 87. 

[119] W. Lerche, D. Lust and A. N. Schellekens, Nucl. Phys. £287 (1987) 477. 

[120] D. Gepner, Nucl. Phys. £296 (1987) 757; 

Y. Kazama and H. Suzuki, Nucl. Phys. £321 (1989) 232. 

[121] A. Font, L. E. Ibâfiez, F. Quevedo and A. Sierra, Nucl. Phys. £337 (1990) 

119. 

[122] E. Witten, Phys. Lett. 155£ (1985) 151. 

[123] B. Greene, K. Kirklin, P. Miron and G. G. Ross, Nucl. Phys. £278 (1986) 

667; Nucl. Phys. £279 (1986) 574. 

[124] L. E. Ibâfiez, J. E. Kim, H. P. Nilles and F. Quevedo, Phys. Lett. 191£ 

(1987) 282; 

A. Font, L. E. Ibâfiez, F. Quevedo and A. Sierra, Nucl. Phys. £331 (1990) 

421. 

[125] I. Antoniadis, J. Ellis, J. Hagelin and D. Nanopoulos , Phys. Lett. 231£ 

(1989) 65 and references therein. 

[126] P. Ginsparg, Phys. Lett. 197£ (1987) 139. 

[127] A. N. Schellekens, Phys. Lett. 237£ (1990) 363. 

[128] Y. Hosotani, Phys. Lett. 129£ (1983) 193; 

E. Witten, Nucl. Phys. £327 (1989) 673. 

[129] D. LeweUen, Nucl. Phys. £337 (1990) 61. 

[130] A. Font, L. E. Ibâfiez and F. Quevedo, Nucl. Phys. £345 (1990) 389. 

[131] S. Dimopoulos and F. Wilczek, Santa Barbara preprint (1981); Proc. Erice 

Summer School (1981); 

B. Grinstein, Nucl. Phys. £206 (1982) 387; 

A. Masiero, D. Nanopoulos, K. Tamvakis and T. Yanagida, Phys. Lett. 

115£ (1982) 380. 

[132] T. Banks and L. Dixon, Nucl. Phys. £307 (1988) 93. 

[133] J. P. Derendinger, L. E. Ibâfiez and H. P. Nilles, Phys. Lett. 155£ (1985) 

65; 

235 



M. Dine, R. Rohm, N. Seiberg and E. Witten, Phys. Lett. 156£ (1985) 55. 

[134] M. Green and J. Schwarz, Phys. Lett. 149£ (1984) 117; 

W. Lerche, B. Nilsson and A. N. Schellekens, Nucl. Phys. £299 (1988) 91; 

J. A. Casas, E. Katehou and C. Munoz, Nucl. Phys. £317 (1989) 171. 

[135] M. Dine, N. Seiberg and E. Witten, Nucl. Phys. £289 (1987) 585; 

J. Atick, L. Dixon and A. Sen, Nucl. Phys. £292 (1987) 109; 

M. Dine, I. Ichinose and N. Seiberg, Nucl. Phys. £293 (1987) 253. 

[136] A. Font, L. E. Ibâfiez, H. P. Nilles and F. Quevedo, Phys. Lett. 210£ (1988) 

101; Phys. Lett. 213£ (1988) 564; 

J. A. Casas and C. Mufioz, Phys. Lett. 209£ (1988) 214; Phys. Lett. 214£ 

(1988) 63. 

[137] K. Kikkawa and M. Yamasaki, Phys. Lett. 149£ (1984) 357; B. Sathiapalan, 

Phys. Rev. Lett. 58 (1987) 1597; V.P. Nair, A. Shapere, A. Strominger and 

F. Wilczek, Nucl. Phys. £287 (1987) 402; R. Dijkgraaf, E. Verlinde and 

H. Verlinde, Comm. Math. Phys. 115 (1988) 649; preprint THU-87/30; R. 

Brandenberger and C. Vafa, Nucl. Phys. £316 (1989) 391; A. Giveon, E. 

Rabinovici and G. Veneziano, Nucl. Phys. £322 (1989) 167; A. Shapere 

and F. Wilzcek, Nucl. Phys. £320 (1989) 669. 

[138] S. Ferrara, D. Lùst, A. Shapere and S. Theisen, Phys. Lett. £225 (1989) 

363. 

[139] H. P. Nilles, Phys. Lett. 115£ (1982) 193; 

S. Ferrara, L. Girardello and H. P. Nilles, Phys. Lett. 125£ (1983) 457. 

[140] L. E. Ibâiïez and H. P. Nilles, Phys. Lett. 169£ (1986) 354; 

T. Taylor and G. Veneziano, Phys. Lett. 212£ (1988) 147; 

L. Dixon, V. Kaplunovsky and J. Louis, SLAC-PUB-5138 (1990). 

[141] A. Font, L. E. Ibâiiez, D. Lust and F. Quevedo, Phys. Lett. 245£ (1990) 

401; 

S. Ferrara, N. Magnoli, T. Taylor and G. Veneziano, Phys. Lett. 245£ 

(1990) 409. 

[142] H. P. Nilles and M. Olechowski, Phys. Lett. 248£ (1990) 268; 

P. Binetruy and M. K. Gaillard, preprint CERN-TH. 5727/90. 

236 



[143] R.H. Bernstein, preprint FERMILAB-Conf-89/34 (1989). 

237 



238 



RESULTS ON QCD AND JETS FROM THE LEP EXPERIMENTS 

Lutz Kôpke 
CERN/PPE 

ABSTRACT 
All LEP collaborations have studied multihadronic 2° decays in order to 
understand hadronic event shapes and to test the theory of QCD in the 
perturbative and non — perturbative regimes. Among the topics that are 
reviewed are event shapes, coherence and intermittency effects, the 
determination of at, and angular correlations in four-jet events. The results 
obtained so far (fall 1990) are in very good agreement with QCD predictions. 

1. INTRODUCTION 

1.1 Why does one study QCD at LEP? 

There are several reasons for studying QCD at the Z 0 energy: 

• The e + e~ annihilation process into a qq pair is well understood and relatively uncomplicated as 
one does not have to deal with spectator jets and structure functions. 

• The event rate at the Z° pole is large. 

• The energy of the produced system is high, leading to very collimated jets and a reduced value 
for at. The influence of higher order corrections is thus reduced leading to a smaller dependence 
on non—perturbative hadronisation effects. 

• Sophisticated detectors with nearly An coverage are available, leading to analyses that require 
only small acceptance corrections. 

• Finally, multihadronic events constitute an important background e.g. in the search for new 
particles or rare processes. Consequently it is imperative to have a good understanding of 
multihadronic Z° decays. 

In Table 1 a comparison between various e +e~ storage rings is made in terms of the detection of 
multihadronic events. The "jettiness* of the events is expressed by the ratio PjJPL, the average 
transverse and longitudinal momenta in a jet. The relative values are normalised to unity for LEP. 
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Already now (end of 1990) Z° factories are in advantage for studying QCD. 

Table J: QCD measurements at e + e storage rings. 

storage # hadronic decays relative relative 
ring per experiment boost coupling 

PEP a 100000 0.60 1.20 
PETRA » 70000 0.70 1.17 

TRISTAN » 4000 0.85 1.08 
LEP » 180000 1.00 1.00 

1.2 The structure of a typical hadronic event 

The production of a multihadronic event can be divided into several phases according to the methods 
used in describing the process (Fig. 1). 

• The first phase represents the annihilation of an e+e~ pairs into a virtual Z°/y which then 
decays into a primary quark — antiquark pair. This part also contains the effects of initial state 
radiation and hadronic and weak loop corrections. 

• The second phase describes gluon radiation off the primary qq pair as well as subsequent 
branching processes from the produced partons. It is assumed that strong pertubation theory 
can be used to describe this process as long at the momentum transfer for a branching 
("virtuaHty" gjj) is large enough. 

• The third phase describes the fragmentation of colored partons into colorless hadrons and 
cannot be calculated perturbatively. Instead, phenomenological methods, inspired by QCD, are 
employed. Typically the transition between the perturbative phase and the fragmentation phase 
is expected to be around 2o» 1 GeV3, however, the success of the the principle of "Local 
Hadron Parton Duality*, where partons are effectively identified with hadrons, may indicate that 
the perturbation phase can be carried further. 

• The fourth phase describes the decay of unstable hadrons into particles observable in the 
detector. The input for this phase comes from experimentally determined branching ratios and 

The only possible exception is the determination of A-j^ which, given comparable statistics, could be done more precisely at 

lower energies where a, is more dependent on the scale parameter. 
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lifetimes. 

li) lii) (iii) (ivt 

Fig. I: The structure of a multihadronic event. 

1.3 The topics studied so far 

A surprisingly large number of results (18 publications and preprints as of September 1990) have been 
published by the LEP detector groups as well as Mark II at SLC. Many analyses profited from the 
groundwork layed by the PETRA and PEP experiments. As can be seen from Table 2 a broad 
spectrum of topics has been covered so far, many of which have been studied by several experiments. 

Table 2: Which areas have been covered so far? 

Topic Mark II ALEPH DELPHI L3 OPAL 

MC comparison with event and 
single particle distributions [ 1] [2] [3] [4] 
Détermination of MC parameters [6] [5] 
a g from from jet rates [24] [30] [29] [28] [27] 
ccs from EEC, AEEC, CEEC etc. [37] [36] [35] 
Triple Gluon Vertex [45] [44] [43] 
Coherence effects [15] 
Intennittency [22] 
Rapidity [22] 
Multiplicity distributions [ 1] [13] [12] [5] 
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2. HADRONISATION 

Since quarks and gluons can only be observed via their hadronisation products, the detailed knowledge 
of the hadronisation phase is of utmost importance. In covering the main QCD subjects I will 
therefore proceed 'outside in*, that is from the study of the hadronisation phase to the investigation 
of perturbative phenomena. 

2.1 MC tools 

An essential tool for QCD studies are MC simulation programs that describe hadronic decays in detail. 
These MC's differ in the way the perturbative expansion is described (matrix element or parton 
shower), in their implementation of spin— and nonperturbative effects, as well as in the simulation of 
the fragmentation (string, cluster, or independent fragmentation). 

MC's based on 2* order matrix elements [7] have a well denned dependence on the QCD scale 
parameter A ^ , but cannot describe final states of more than four partons. 

Parton shower MC's are, on the other hand, based on the leading log approximation (LL) which 
partly describes higher order processes. On average, the parton shower MC's predict «9 primary 
partons at Z° energies. Since only the first order of the leading log expansion is used, the QCD scale 
parameter cannot be uniquely defined and is replaced by an effective parameter Atff . The most 
commonly used implementations of the parton shower approach are: 

• JETSET 7.2: Developed [8] by the LUND group, it is the best tested and most widely used 
MC. In order to combine, to a certain extend, the best of two worlds, the first branching is 
mapped to the CXa) matrix element prediction. A string fragmentation is used. 

• HERWIG 3.4—5.0: Developed by Marchesi and Webber [9], this MC incorporates gluon 
polarisation effects and coherence phenomena from the onset. It also aims at a simplified 
description of the fragmentation process by using the cluster concept, leading to fewer 
parameters to adjust. 

• ARIADNE: Developed by Ya. Azàmov et al. [10] and incorporated by the LUND group this 
MC provides an alternative to parton shower algorithms by identifying parts of the string with 
color dipols. In this approach, the emission of a gluon corresponds to a splitting of the color 
dipole in two parts. Like HERWIG, this algorithm incorporates angular ordering from the 
beginning. 

• Next to leading log MC's: These MC can, in principle, combine the virtues of both matrix 
element and parton shower based MC's. Since they involve a second order expansion, the 
effective scale parameter can be defined to be equal A^j. HERWIG 4.6 and NNLIET [11] 
incorporate such an approach, in which, in principle, A E can be directly obtained from tuning 
the MC to the data. However, one has to keep in mind that these MC's are based on a leading 
log expansion which is strictly valid for collinear kinematics only. 

242 



Historically, partem shower MC's have superseeded matrix element based MC's (using a scale 
H3=E2

CM) because they describe the 4- je t rate measured at PEP/PETRA, while matrix elements 
underestimate it. This unadaquate description of the 4—jet rate, however, is understandable, as large 
loop corrections are expected similar to the case of the three —jet rates. While the only proper way is 
to calculate the next order, one may look at ways to minimise higher order corrections by a suitable 
choice of renormalisation scale. By using such an 'optimised* scale, matrix element MC's have made a 
remarkable comeback. While this may sound like a 'dirty trick' there is a reason behind it as discussed 
in the following paragraph. 

2.1.1 A digression: renormalisation scale dependence 

From the renormalisation group theorem follows that a physical quantity (like the 3 —jet rate /?3), 
when calculated to infinite order, does not depend on the choice of scale for as. However, this is not 
true anymore if the expansion series is truncated such as 

R. = a,a + a , a 2 + 0 ( a 3 ) 
3 I j 2 J v s' 

Since <*$?)'l = (b lnj^/A3) + a change in scale Q"3 =fÇ? leads to a relation 

z'/Ô' 2) = «/G 2) " bz2/+ 0(0$ 

which, in turn will lead to a dififerent value for the observable such as 

R3' = a^XQ'2) + [a 2 + afi In/] a / 2 + O*)) . 

Note that for a given expansion only the highest order term has an explicit scale factor dependence. 
The effect of a larger <xx' value is partly compensated by the second order term. The 4—jet rate, 
however, receives a contribution only from the highest order 0(a^) term and is therefore directly 
correlated with the increase in <z/ as no linear term in the strong coupling constant exists. 

It has also been argued that the choice of scale Q? = E^ is much larger than the natural scale that 
occurs in the emission of gluons and quarks which is typically in the order of several GeV. 

2.2 Event shape distributions 

A frequently used family of event measures is based on the thrust 

7 = max—: , 
2JAI 
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where the the sum is taken over all particles i of the event and where the axis n for which the 
maximum is obtained is called the thrust axis. For ideal two —jet events one obtains T= 1 while 
perfectly spherical events lead to T= 1/2. The thrust major value (T^,.) is defined in analogy to T 
with the major axis orthogonal to the thrust one; the thrust minor axis (7V,,,.) is orthogonal to both 
the T and the T . axis. Oblateness is defined as 0 = T . — T 

major major 

The sphericity tensor is defined as 

S - -
E a b 

PiPi 

The three eigenvalues X1>XJ>Xi can be used to construct the sphericity S= 3(A3 + X2)/2, with 5 = 0 
corresponding to the ideal 2—jet case and S = 1 corresponding to spherical events. The aplanarity, 
A = 3Aj/2, measures the particle flow out of the event plane. S is quadratic in the momentum and 
cannot be calculated in perturbation theory. In order to avoid this problem one may use Spherocity 

* 
i 

El AI 

a linearised version of Sphericity which is an infrared safe quantity. Variables deduced from the 
eigenvalues Xt of spherocity like D = 27 • X1X2 Xi or C= 3 (Xx Xj + X2 X^ + X^ XJ have been examined 
by the experiments. 

Finally there is the family of Fox—Wolfram moments. The ratio of the second moment 
normalised to the zeroth moment 

a XlAM/vlOcosVl) 

" o 2 E'Ai i^ i 

is similar to the formula for energy—energy correlations. 

2.2.1 Determination of M C - parameters from data at 91 GeV 

As a first step, Markll [1], ALEPH [2], OPAL [4] have compared experimental event shape 
distributions with the JETSET and HERWIG MC predictions using default MC parameters. Fig. 2 
shows, as an example, results from the DELPHI experiment on sphericity S and aplanarity A. The 
comparison with lower energy data clearly demonstrates that the events get "jettier' (5-»0) and more 
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planar (A-+0) with increasing center—of—mass energy. 
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Fig. 2: Sphericity and aplanarity as a function of center—of—mass energy. 

As a second step, the large data sample has been used to tune the MC parameters to the data at 
91 GeV. Both OPAL [5] and ALEPH [6] (preliminary) have taken this approach. 

• OPAL determines the MC parameters by tuning to two distributions only: 

HJHn and Tm. . 

The modelling of the data is then tested using other variables such as 
T* Tm*~. °> s> A> D< h 1 / * , - a D d " « * • 

ALEPH uses seven distributions for a simultaneous determination of MC parameters: 

p' lu i tour ' ' ' muor 

Both groups then compare data from PEP/PETRA with the generators tuned at 91 GeV. 

The advantage of the OPAL approach is that the fit distributions do not constrain the 
momentum out of the event plane. The aplanarity distribution is therefore uncorrelated with the fit 
and a comparison with MC can serve as a consistency check. 

The advantage of the ALEPH approach is, of course, the prospect of obtaining smaller errors on 
the MC parameters. However, the error determination is not trivial because of correlations. 
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Fig. 3 shows the distribution of the aplanarity obtained at three different energies and compared 
to three MC models (OPAL). All MC's give a consistent description over a large energy range. The 
agreement is best in the case of the JETSET 72 parton shower MC (X>/bin= 1.4 at 91 GeV). 

0 0.04 0.08 0.12 0.16 0.2 0.24 
Aplanarity A 

Fig. 3: MC comparisons with aplanarity distributions at several energies. 

One may summarise the comparison of event shape distributions with MC models by observing 
that 

• Parton shower models based on the leading log approximation describe the global features very 
well over a large energy range, a results that can be considered as consistency check of QCD. 

• C%p?) matrix element MC's fit the data reasonably well if an optimised scale is used (but the 
4—jet dominated region remains less well described). 

• The fitted MC parameters of OPAL, ALEPH, and TASSO (34 GeV) are similar; the JETSET 
default parameters ( Mark II at 29 GeV) however, do not describe the data at 91 GeV very well. 

Given the good agreement between data and MC one may unfold the data for hadronisation effects for 
a direct comparison with distribution generated at the parton level. 
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2.3 Multiplicity and single particle distributions 

2.3.1 Charged multiplicity 

Charged multiplicity distributions have been studied extensively in proton and lepton induced 
reactions. The average, < nA >, is sensitive to the emission of soft gluons and as such susceptible to 
higher orders or non perturbative effects such as coherence phenomena. The energy dependence of 
< n d > , as well as the statistical distribution of n r t can be compared with QCD inspired models. 

Mark II [1], DELPHI [12], OPAL [5], and ALEPH [13] have determined the average charged 
multiplicity at the Z° peak. The acceptance corrected values, Table 3, agree well within errors and are 
also well reproduced by parton shower MC's. Matrix Element MC's also predict the correct value if an 
"optimised scale " is used. The errors include tracking errors as well as unfolding and hadronisation 
contributions. 

Table 3: Average charged multiplicities. 

Experiment < nA > 

Mark II [ 1] 20.10 ± 1.00 ± 1.00 
OPAL [5] 21.20±0.04±0.84 
DELPHI [12] 20.71 ±0.04+0.77 
ALEPH [13] 20.36 ± 0.06 ±0.79 

The energy evolution of the mean charged multiplicity can be compared to phenomenological 
parametrisations as well as a QCD NLL prediction of the form 

<n. > =aae 
eh 3 ' 

where the energy dependence is solely due to the running of xt. The value of \ff= 138 ± 62 MeV 
[12] compares well with an analysis of data at lower center—of—mass energies (A«80 MeV) 
predicting < nA > > « 20.4 at 91 GeV. 

DELPHI [12] and ALEPH [13] compared the actual multiplicity distribution with several 
statistical predictions. The DELPHI data are shown in Fig. 4 both for the whole event and single 
hemispheres. The shape of the distribution is well described by the original and a modified Negative 
Binominal Form (MNB), a Lognormal distribution, as well as the Lund parton shower MC. A QCD 
prediction [14], however, fails to describe the shape of the data. The data, if plotted in terms of the 
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KNO variable z= /i r t / < « r t > , can be compared to lower energy data. The data are compatible with 
KNO scaling. 

Fig. 4: DELPHI multiplicity distributions for the whole event and single hemispheres. 

2.3.2 Coherence effects 

Coherence phenomena are already known from QED and are due to quantum dynamical effects. If, for 
example, a high energy y —ray converts to an almost collinear e+e~ pair in an emulsion, there is hardly 
any blacking at the e+ e~ vertex where the leptons have traveled less than a typical atom radius and are 
still very close together. In this case the atom effectively sees a net zero charge. The origin in the case 
of QCD is of a similar kind, but the effect is more complex due to the self coupling of gluons. 

Coherence effects arise as interjet phenomena where they have been shown to produce a "string 
effect" and as intrajet phenomena where they are responsible for a decrease of soft gluon emission in 
jets. They latter effect can be observed in the multiplicity distribution and the hadron momentum 
distribution at small x =p/ptm- In this region soft gluon emission is expected to be suppressed due to 
destructive interference. The leading log approximation (LLA) predicts a roughly Gaussian distribution 
of lnl/jc with the position of the peak varying with the center—of—mass energy according to the 
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relation 

1/x .x-^-Af 

where A is an effective QCD scale. The LLA approximation predicts a value o f /=0 .5 while / = 1 
would be expected in a world without coherence. 

Fig. 5 shows the acceptance corrected Inl/x, distribution from the OPAL experiment [15] 
compared to the Gaussian LLA prediction, a next to leading log prediction (MLLA) [16], and a 
Gaussian with higher moments [17]. In the region around the maximum the MLLA prediction fits 
the data well. The same data is also compared with JETSET and HERWIG Parton shower MC 
predictions. While coherence effects are intrinsic to the HERWIG MC model these can be switched on 
or off in case of JETSET. The string effect can be turned off by using an independent fragmentation 
model. Obviously, JETSET and HERWIG with coherence fit the data very well while the 
independent fragmentation model cannot describe the depletion of hadronic tracks at low momenta. 
The JETSET MC with coherence switched off fits the 1/x, distribution surprisingly well. However, the 
string fragmentation, being due to coherence effects itself, mimicks partly the effect of coherence in the 
momentum distribution. 

A clearer picture emerges once the energy dependence of the peak in the lnl/x^ distribution is 
examined. The data give an exponent of 

/ = 0.637+ 0.016 

which compares well with the MC prediction with coherence and the MLLA prediction of / = 0.627. 
The result for JETSET without coherence ( / = 0.692 ±0.012) is only marginally consistent with the 
data. 

While coherence effects are expected from quantum mechanics, the really astonishing result of this 
study is the good agreement of the analytical QCD calculations (MLLA) with the data. The 
calculation is valid only for partons and is compared to the data asuming the concept of "Local Parton 
Hadron Duality". In this hypothesis the parton shower approach is continued down to very small Ç?, 
effectively identifying partons and hadrons at the end of the cascade. 

2.3.3 Intermittency effects 

The term intermittency describes nonstatistical particle density fluctuations in analogy to the 
hydrodynamics of turbulent liquids. Effects of this kind have both been observed in "soft" 
hadron—hadron collisions and hard scattering e +e~ annihilation processes. In order to quantify the 
effect, factorial moments are introduced [18] by dividing a rapidity range Y into M bins of width 
Sy= Y/M and defining: 

F(5y)oc < ( " ) ( " - 1 ) • • • • ( " - f+ l )> . 
* < n > 9 
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The average is taken over all bins and all events. 

Obviously a bin does only contribute if n, the number of tracks in a given bin, is larger than the 
rank q. Consequently, factorial moments act as a filter fo high multiplicity bins and are related to the 
probability to have more than q particles in a phase space bin. For the case of purely Poissonian 
fluctuations and a flat rapidity distribution one expects that F is independent on the number of bins 
chosen; in the case of intermittency F will be a function of the width of the rapidity interval. In 
particular, self similar cascading models predict a a relation of the following kind: 

F O C A / ' f>\ . 
9 9 

Several mechanisms may contribute to an intermittency effect: 

• The effect of "self similaT cascading " in the development of the parton cascade and in the 
fragmentation of partons (string—cluster model). 

• Bose Einstein correlations as well as long range correlations. 

• Hadronic resonances. 

Detector resolution effect and non—flat rapidity distributions. 
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• Finally, intennittency could be an indicator of new physics phenomena such as the quark gluon 
plasma and phase transitions in general. 

The first evidence for intennittency in e+e~ collisions came from an analysis of HRS data [19]; an 
analysis of TASSO data [20] indicated a discrepancy between the factorial moments in the data and in 
the MC. A disagreement was seen both in absolute magnitude and variation as a function of the 
binsize. A recent CELLO analysis [21] at the same energy, on the other hand, fails to reproduce the 
disagreement seen by TASSO and agrees with model predictions. 

DELPHI [22] has presented an intermittency analysis using hadronic Z° decays. In contrast to 
the TASSO analysis good agreement is observed between the data and parton shower MC's ( see Fig. 
6 ). Matrix element based MC's, even if an optimised scale is used, fail to describe the data. This may 
indicate a large sensitivity on the tuning of the MC. The study also indicates that Bose — Einstein 
correlations play a minor role and that the main effect arises from the fragmentation process. 
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Fig. 6: Factorial Moments (DELPHI). 

3. THE DETERMINATION OF THE STRONG COUPLING CONSTANT 

It is the ultimate goal to determine the coupling constant of QCD, <xt, to a similar accuracy as the 
parameters of the standard model. Traditionally, three ways have been used to determine <XM: 

The hadronic cross section. While to a very high degree independent on hadronisation and 
acceptance effects, the a, dependence of R^ at Z° energies is small, making a precise 
measurement difficult (in order to measure a, with a 10% accuracy, RQ^ has to be measured to 
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better than 0.5%). Unfortunately, the calculation of the a3

s contributing [23], the only 
calculation of that order so far, has been found to be in error and no new results are known 
yet. 

• Jet rates. This is the most direct way to measure at. 

• Energy — energy correlation and the corresponding asymmetry. 

• Event shape variables. In principle, every observable that is calculable in perturbative QCD and 
that has a dependence on gluon radiation effects can be used to determine a,. 

The latter three methods are discussed in more detail below. 

3.1 Jetrates 

Determinations of ctt from jet rates have been presented by all LEP groups [27,28,29,30] and Mark II 
[24]. In all cases resolvable jets of hadrons are defined by first computing the scaled mass of all pairs 
of particles i andy, 

* l] if VU 

The combination with the smallest value of y0 is then replaced by a "pseudoparticle*. The process is 
repeated until all pairs of particles (or pseudoparticles) satisfy the requirement yt• >ycut where yM is a 
resolution parameter. The remaining pseudoparticles, whose number are a function of the resolution 
parameter y^, are then called jets. This method does not only circumvent the problem of experimental 
resolutions, it also allows the jet rates to be calculated in perturbation theory. In 0(aj) calculations one 
start with a system of four partons; resolvable partons are then defined similarity by demanding y^ >y 
for all partons a,b. There is thus a close correspondance between jet rates and partons for y=yait. 

However, the loop corrections in these (%a*) calculations are given in terms of massless partons, 
while the pseudoparticles introduced by combining the 4 —momenta of partons necessarily have mass. 
The technical problem of making these pseudoparticles artificially massless leads to a theoretical 
uncertainty, since the procedure (recombination scheme) is not uniquely determined. 

The original JADE scheme [25], which is equivalent to the £° scheme, treats all partons as if 
they were massless by defining: 

but other choices are possible. 

Once a recombination scheme has been chosen, the jet rates RH can be calculated and compared 
to theoretical predictions [26]: 
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R2 = 1 + C^ajf^) + C ^ / ) * , 2 ^ ) 

R3 = c„w « ^ 4 * > + c32(y/) « j ^ 

* 4 = c„iyf)«](fi?CM) 

It can be seen that the jet rates Rn will be dependent on the scale H2=fE>'CM since the perturbative 
expansion is limited to second order and the highest order coefficients show an explicit dependence on 
/ 

Fig. 7 shows the experimentally measured jetrates from the L3 experiment [28]. In the case of L3 
the detector effects are particularily small since clusters have been used in an angular range covering 
97% of 4 n. Using the E? scheme, the hadronisation corrections (Fig. 7 b) to the parton level 
distributions are very small too. 
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Fig. 7: Jet rates as function of y c u t (L3). 

The fact that the coefficients Cy in the calculation of the jet rates do not shown an explicit 
dependence on the center —of—mass energy may be used to study the s dependence of the 3—jet 
fraction. This fraction is calculated using the same theoretical model and same yM value for data from 
different e+ e~ colliders so that theoretical uncertainties, which would have to be included in a direct a, 
comparison, do not matter in this relative comparison. Fig. 8 shows the data for center—of—mass 
energies between 14 GeV and 91 GeV; the 3 —jet fraction is clearly decreasing with energy (running of 
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a ) in agreement with the concept of asymptotic freedom. 
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Fig. 8: The running of the strong coupling constant. 

For the determination of a,, differential jet rates are studied rather than the jet rates as a function 

of j» , which are integral distributions with highly correlated errors. For the differential jet rate 

Dly)= Ay 

every event enters only once at the value of y at which an event changes from a 2-jet to a 3-jet 

topology. D2 is chosen because it is independent of the 4- je t rate, which is only known in leading 

O(ot?) order. The experimental distribution of OPAL [27], Fig. 9, is fitted with the QCD prediction as 

function of A r o and scale / = M 2 / ^ - It can be seen that a choice of scale / a 0.005, corresponding to 

an energy of roughly 6.5 GeV, is preferred since it represents the data better at small values of y. 

Using such a small scale effectively absorbs higher order corrections. Several 'theoretical 
suggestions * have been made on how to choose a renormalisation scale in finite order that minimises 
higher order contributions. The predicted values for/: 0.0024 [31], 0.0060 [32], and 0.0081 [33] He in 
the same ball park as the experimentally prefered number (/"= 0 . 0 0 5 2 1 ^ in the £° scheme). Since 
there is no rigourous justification for such an approach, the uncertainty due to the scale dependene has 
to be included in the systematic error. 
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Fig. 9: Differential jet rate distribution (OPAL). 

Another potential source of systematic error is the jet rate dependence on the recombination 
scheme. As mentioned above, the QCD calculations assume massless partons necessitating an artificial 
adjustment of the 4—momentum of combined parton or hadron pairs. There is an ambiguity in the 
choice of scheme for this adjustment and several recombination schemes have been proposed (see 
Table 4). 

Table 4: Recombination schemes. 

Scheme 2 
Pa 

E (Pt+P?2 Pi+Pj 
E0 2E£{\-cosBJ Pi+Pj 
P (Pi+P/ p.+ P / ; E „ - | p v l 

P0 (Pi+P? As P scheme but E . updated 
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The effect of the choice of recombination scheme has been studied by OPAL, L3, and DELPHI, with 
OPAL having considered all the schemes in Table 4. The EO scheme has the smallest dependence of 
the hadronisation corrections while the Lorentz — invariant E scheme is the most sensitive. This can 
be seen from Fig. 10 where the jet rate distributions on the parton level (dotted line) are compared 
with the distributions after hadronisation (solid line). 
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Fig. 10: Study on recombination scheme dependence (OPAL). 

Since the complication of choosing a recombination scheme appears both in the QCD calculation 
and the jet — finding algorithm one has to compare theory and data using a consistent scheme if one 
wants to compute <xt. The agreement between data (symbols) and MC for each recombination scheme 
is excellent even though the hadronic corrections and the values for the jet fractions vary considerably 
between the schemes. Consequently it is assumed that there is no additional uncertainty due to the 
recombination scheme if the analysis is performed in a consistent way. 

The results on the at determinations fron jet rates are summarised in Fig. IS. In the case of 
OPAL the errors contributing to the at measurements were estimated as 2 — 3% for each detector 
effect and statistics, modeling of the hadronisation, and choice of the virtuality cutoff. The dominant 
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error is due to the scale dependence («6 % ). 

3.2 Energy energy correlations 

The Energy Energy Correlation (EEC) is defined as the energy—weighted histogram of the angle x 
between all combinations of particles: 

EEOx)=^N J EZ^^l ' -w 
. i «vena ut vu ** ^ir * 

where z,y is the angle between particles ij, Ax is the histogram bin width, and Etit is the sum of the 
observed energies Er While two jet events will give rise to peaks at x = 0° and x — 180° , hard gluon 
radiation will contribute to the central region whose area and shape are dependent on the value of ag. 

The energy — energy correlation asymmetry 

AEEC(x) = EEC(n-x) - EEC(x) 

removes the symmetric two jet component. It also has a smaller 0(aJ) correction (15 %) as compared 
to EEC (30 %) and systematic errors symmetric in the angle X are canceled. 

A third observable, CEEC, has been introduced by the ALEPH collaboration and is based on jets 
rather than individual particles. 

Fig. 11 shows the OPAL data unfolded for detector effects and compared to JETSET and 
HERWIG parton shower MC predictions. In order to calculate at, the integrals of the parton 
corrected distributions between 43.3°<x< 136.8° for EEC and 28.8°<x<90° for AEEC have been 
calculated using charged tracks, electromagnetic clusters, or both. 
A restricted x range was chosen since hadronisation corrections are substantial e.g. at small x angles. 
Fig. 12 shows the obtained values together with predictions from analytical 0(aj) calculations [34] 
and Matrix element MC's as a function of the QCD scale parameter A ^ . 

Since the theoretical calculations are only known in second order, the influence of varying the 
renormalisation scale has been studied. The dependence of the determined value for A K on the scale 
parameter is shown in Fig. 13. While there is a large dependence in the case of EEC with a prefered 
value o f / = 0.027 ±0.013, the AEEC determined value shows only a very small sensitivity for 
/ > 0.02. This observation is in agreements with the notion that a large dependence on the 
renormalisation scale is equivalent to a large unaccounted contribution from higher orders. The results 
on EEC and AEEC for the OPAL [35], DELPHI [36], and ALEPH [37] are shown in Fig. . The 
results are in very good agreement. 
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3.3 Other ways to measure the strong coupling constant 

Any variable that can be calculated in perturbative QCD (infrared safe, collinear safe) and that is 
sensitive to gluon radiation can in principle be used to calculate at. Examples are [38]: 

thrust, oblateness, heavy jet masses etc . 
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Fig. 13: Renormalisation scale dependence of EEC and AEEC measurements. 

Magnoli, Ratazzi, and Nason have used published OPAL data to fit at [39] and ALEPH has 
conducted a similar study [30]. The results are shown in Fig. 14. All determined a f values, albeit 
with widely varying systematic errors, agree with one another. In particular the dependence on the 
renormalisation scale varies strongly with the various observables. 
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3.4 Summary on the strong coupling constant 

A high precision <zt measurement ( < 10 % ) is difficult to obtain because there is no one to one 
correpondence between partons and jets, «x is relatively large (radiative effects) , and the very time 
consuming calculation of higher order has not been done yet. The only (?) way out seems to be to 
study many distributions with various systematic effects (see Table 5), compare the resulting values for 
<xt, and to estimate the 'true* error on the v.t measurement from the spread of these results. The results 
from the LEP experiments on at are summarised in graphical form in Fig. 15. All values from the 
experiments are in excellent agreement independent of the methods used to determine a.t. As average 
one may quote 

as(Mz)= 0.119 ±0.008 

* Î T = (240 V£) MeV 

where (conservatively) the smallest systematic error of all measurements has been taken. These values 
are in good agreement with expectations from lower energy data. 

Table 5: Systematic error sources for various method used to determine aB 

5 

method renormalisation 
scale 

recombination 
scheme 

hadronisation 
dependence 

detector 
effects 

systematic 
error [%] 

differential 
jet rates V V - (for E0.P.P0) smaTl «8 

EEC V — fair STTUQI «12 

AEEC — — small small «9 

CEEC — V - (for E0.P.P0) small «12 

event shape 
variables V — small—fair small -fair 20-30 
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Fig. 15: Summary on strong coupling constant measurements. 

4. HUNTING THE TRIPLE GLUON COUPLING 

The self coupling of gluons, arising from the non — abelian character of QCD, manifests itself, for 
example, in the triple gluon vertex. A definite proof of existance for such a vertex would therefore be 
an important verification of QCD. The main diagrams contributing to 4- je t events are shown in Fig. 
16. 
The diagrams leading to 2 gluon + 2 quark jets can be distinguished from the 4 quark jet final state by 
their respective rates and different angular distribution of the partons. QCD predicts the qqgg 
topology to be dominant (95.3 %) while a non-abelian model, lacking the triple gluon contribution, 
predict a substantially lower contribution (68.7 %). The angular distributions are different, because, in 
the case of the triple gluon vertex, one has a spin 1 gluon coupling to two spin 1 gluons, while for the 
4 quark jet final state one has a spin 1 gluon coupling to two spin 1/2 quarks. 
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Fig. 16: Diagrams contributing to the 4 — jet final state. 

Even without disentangling the triple gluon contribution (diagram 1 in Fig. 16) from the double 
bremsstrahlung diagram (diagram 2 in Fig. 16) one can distinguish between an abelian and an 
non —abelian model due to the different expected rate for the four quark—jet final state (diagram 3). 

Several angles have been proposed that are sensitive to the angular correlations in four jet events, 
where the jets i= 1,4 with 4—momenta p( are ordered according to their energies: 

• The Nachtmann—Reiter angle [40], 0*^, defined as the angle between the vectors p, — p2 and 

fc-Pv 

• The Bengtson-Zerwas angle [41], xsz, defined as the angle between the plane defined by jet 1 
and 2 and the plane defined by jet 3 and 4. 

• The Korner - Schierholtz - Willrodt angle [42], <f> ̂ w 

• The angle between the two lowest energy jets, 3 and 4, « M . 

Note, that the two lowest energy jets tend to be the gluon jets. 

Recently OPAL [43], L3 [44], and DELPHI [45] have studied the distribution of these angles. 
In the case of OPAL and L3 the study is based on 80200 and 49000 multihadronic events, respectively. 
After selecting 4 jet events using the JADE jet algorithm (yM varying, »0.01) roughly 4200 (L3) and 
3880 ( OPAL) 4—jet events remain for the study. The lower number in the case of OPAL is explained 
by additional cuts on the separation of jets (to insure well defined planes) and the energy ratio for jets 
2 and 3. 

The distributions of the angles listed above were then computed, corrected to the parton level, 
and compared with MC predictions. JETSET and HERWIG parton shower ( OPAL), as well as 
JETSET CXafy matrix element MC's have been used for the QCD prediction. Two abelian models 
were constructed from, the JETSET MC with modified group constants. Note, that the construction of 
a *QED* type model in the parton shower case is not unique. In the OPAL analysis coherence effects 
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were disabled and the effective coupling was set to be a constant, which is a conservative assumption 
since in non — abelian models a, should rise with Q2. 

Fig. 17 shows the distribution of 8]^ and %Bz fr°m m e OPAL collaboration. The MC prediction 
based on QCD is in good agreement with the data, while the abelian model is ruled out. Without 
gluon identification, <I>KSW is not a very sensitive observable (L3). The shaded bands reflect 
uncertainties in the fragmentation parameters. From these measurements one can deduce the 95 % 
confidence level upper Emit for the 4 — quark jet production 

R = _ WW _ < 9.1 % 
qqqq + qqgg 

which should be compared to the QCD prediction of 4.7 %. The abelian model (/? = 31.3 % ) is 
clearly ruled out. 
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Fig. 17: Comparison of angular correlations with abelian and non—abelian models. 

The analysis was carried further by DELPHI [45] by including the angle aM, the angle between 
the lowest energy jets, in the analysis. According to DELPHI, the correlated information of ff^ and 
a M allows a distinction between the triple —gluon and the double — bremsstrahlungs vertex without 
making any assumptions on the 4—quark jet rate. For the analysis 884 four—jet events were selected. 
It is found that the data require the existence of the triple — gluon — vertex contribution to the Z"* order 
matrix element. In terms of the color factor Ne and the fermionic Casimir operator Cp DELPHI 
obtains the result 
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N 
—$- = 2.55 ± 0.55 (stat) ± 0.4 (fragmentation + models) ± 0.2 (error in bias) 

CF 

in agreement with the value 2.25 expected in QCD for Nc = 3 and CF =4/3 and significantly different 
from zero which is expected in an abelian model ( Nc= 0). 

5. SUMMARY AND CONCLUSIONS 

A large number of results on QCD and the structure of jets have been presented so far by the LEP 
groups. In particular it has been shown that 

• Hadronic decays are accurately described by parton shower MC's over a wide energy range. 

• There is evidence for gluon coherence effects in the momentum distribution of single particles. 

• Intermittency effects have been observed and are in agreement with the prediction of parton 
shower MC's. 

• The three jet rate decreases with ECM consistent with the concept of asymptotic freedom. 

• The determinations of a.t from various experiments using different methods agree very well. The 
precision of < 8% is limited by theoretical uncertainties (renormalisation scale dependence). 

• The angular correlations in four—jet events support the non—Abelian nature of QCD. 
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Electroweak LEP Results 
(Lineshapes and Leptonic Partial Widths) 

R a m o n M I Q U E L * 
L a b o r a t o r i de Ffsica d 'Al t e s Energ ies 
Univers i t a t A u t o n o m a de Barce lona , 

E-08193 Be l la te r ra (Ba rce lona ) , Spa in 

Abs t rac t 
The LEP measurements of the electroweak parameters using the Z lineshapes are pre

sented. First of all, experimental and theoretical inputs to the lineshape fits are discussed 
with especial emphasis on the fitting function. Then, LEP results on the Z mass and widths 
and their averages are discussed. The values are: Mz = 91.177 ± 0.031 GeV, Tz = 2497 ± 15 
MeV, Ti = 83.9 ± 0.7 MeV, Th = 1764 ± 16 MeV, T,nv = 482 ± 16 MeV, Th/Tt = 
21.08 ± 0.20, cr£(ilf J ) = 41.78 ± 0.53 nb. From those results, the number of light neutrino 
families is N„ = 2.89 ±0.10 and the effective mixing angle is sin 2 9W{M%) = 0.2300 ±0.0020. 
Combining the LEP data with low energy and pp data an estimation of the top quark mass 
is obtained: mt — 142 ± 33 ± 20 GeV, where the second error comes from the uncertainty in 
the Higgs mass. 

1 Introduction 

From the s tar t of LEP in September 1989, one of the main activities in the four experiments has 
been to measure the cross sections for the production of hadrons or of lepton pairs as a function 
of the center of mass energy: the so called hadronic and leptonic Z lineshapes. The reason for 
that is threefold: 

• First of all, a lot of information about the Standard Model can be extracted from the 
lineshapes, as we will see later on. 

• Secondly, it is a measurement which is rather easy from the experimental point of view: 
one just has to count the number of events of the chosen type (e+e~ —• / / ) in the detector 
acceptance at each energy; then, an extrapolation is made to the full cross section over 
the full solid angle with the help of event generator programs; finally, the luminosity has 
to be measured with the help of low angle Bhabha events: 

L = * (!) 

where iVj, is the number of low angle Bhabha events and er;, is the theoretical cross section. 
Then, for any other process », we have 

« = f <2> 
'Present address: CERN, CH-1211 Geneva 23, Switzerland 
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The reasons to use small angle Bhabha scattering to measure the luminosity are that Nf, is 
large, giving a small statistical error, and that a^ is rather well known and hardly depends 
on the parameters of the Standard Model that are going to be measured. 

• Finally, it is also easy from the theoretical point of view. There are good, precise cal
culations available for total cross sections ([1]), better than for any other observable, as 
asymmetries.. . Furthermore, they can be almost model independent, tha t is, without any 
assumption on the Standard Model. Clearly, this is a nice feature if we want to test the 
validity of the Standard Model in an unbiased way. 

The usual procedure has been to fit the data to those model independent calculations. Then 
the fitted parameters are the physical ones: the Z mass and width and the different partial 
widths into hadrons or leptons. From there one can extract the information on the Standard 
Model (the number of neutrino families, the effective sinus, the top mass...) and perform also 
unbiased checks on its validity. 

The outline of the talk is as follows: section 2 deals with the experimental measurements of 
the Z lineshapes. In section 3 we explain how the Bhabha case (which is different due to the 
presence of a t-channel photon exchange) is currently treated. In section 4 the way the (model 
independent) fits are done is reviewed, both from the theoretical point of view (which fitting 
formulae are being used) and from the statistical point of view (how correlations are handled). 
The LEP results in terms of the Z mass and the partial and total widths are summarized in 
section 5 whereas the interpretations in terms of the Standard Model are given in sections 6 and 
7. Section 8 contains a short summary of the talk. All the results will be shown with the data 
presented at the 25th International Conference on High Energy Physics at Singapore ([2]-[6]). 

2 Experimental Measurements 

As explained in the introduction, the measurements are rather simple. Let 's discuss first what 
has come to be the more tricky point, namely, the determination of the luminosity. Since the 
measurement is done using 

* = * . <S) 

a precise calculation of crj, is crucial. This means that all the following effects are accounted for: 

• Effects of beam displacement. This is minimized using asymmetric cuts for the selection 
in either side of the detector ([7]). 

• Effects of detector geometry and resolution. This requires a very precise detector simula
tion. 

• Good knowledge of the acceptance (especially at the inner bound). A very precise deter
mination of the inner boundary of the luminosity monitor is achieved using masks, very 
well segmented towers, etc. 

• Radiative corrections. They are only known up to one loop for this low angle region. This 
turns out to be the main systematic error in the luminosity measurement. 

Altogether the systematic errors quoted by the different LEP experiments are pretty small: they 
range from 1.1 to 1.7 per cent, to be added to a theoretical error between 0.7 and 1.0 per cent 
(the estimates of this error depend on the experiment). Adding this in quadrature gives a total 
systematic error between 1.3 and 2.0 per cent. 
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Table 1: Summary of the events samples used by the four LEP experiments to extract the 
hadronic line shapes. 

ALEPH DELPHI L3 OPAL 

No. of events 85000 68000 62000 112000 

Syst. error 0.4% 1.1% 0.7% 0.8% 

Luminosity 
syst. error 1.3% 1.7% 1.3% 1.6% 

The hadronic selection is done in all cases by requiring a minimum number of clusters in 
the calorimeters and with a minimum energy. ALEPH and DELPHI use also their TPC's to 
have independent selections asking for a minimum number of charged tracks with a minimum 
momentum. Typical acceptances are ranging from 94 to 98 per cent and the systematic errors 
are in any case below one per cent (between 0.4 and 0.8) 

The selection methods of leptonic events vary widely from one experiment to another and 
from one lepton class to another. However, they are all based in a low number of tracks and/or 
calorimeter clusters and in some kind of identification by energy in electromagnetic calorimeters 
(electrons), penetration in iron (muons) or missing mass requirements (taus). Typical systematic 
errors are at the level of 1 or 2 %. ALEPH and DELPHI have performed lepton selections without 
flavour tagging resulting in somewhat smaller systematic errors. 

Tables 1 and 2 summarize, respectively, the hadronic and leptonic data used by the four 
experiments. 

3 The Special Case of Bhabha Scattering: t-Channel Subtrac
tion 

Before entering the description of the actual fitting formulae, we would like to comment briefly 
on Bhabha scattering. In this case, there is the possibility of a photonic exchange in the t-
channel which makes the formulae to be described in the next section useless. Furthermore, this 
implies that a completely inclusive (that is integrated over the whole phase space) calculation 
is impossible. And non-inclusive calculations are more difficult, which means that there are no 
formulae for Bhabha scattering as precise as for the s-channel processes1. 

The way out that all LEP experiments have used is to perform the so-called t-channel sub
traction. This means correcting the data to be able to fit it with pure s-channel formulae as 
the ones described in the next section. The strategy has consisted in avoiding the kinematical 

'The situation has improved very recently. See, for instance [8] or [9] 
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Table 2: Summary of the events samples used by the four LEP experiments to extract the 
leptonic line shapes. 

ALEPH DELPHI L3 OPAL 

Electrons 
Angular range 
No. of events 

Syst. error 

-0 .9 < cos 5 < 0.7 
3548 
1.0% 

|cos0| < 0.73 
1389 
1.3% 

|cos0| < 0.74 
2642 
0.7% 

|cos0| < 0.7 
3263 
1.0% 

Muons 
Angular range 
No. of events 

Syst. error 

| cos ̂ | < 0.90 
3054 
0.9% 

|cos0| < 0.73 
1618 
1.9% 

|cos0| < 0.8 
1244 
1.5% 

|cos0| < 0.95 
4642 
1.3% 

Taus 
Angular range 
No. of events 

Syst. error 

| cos<9| < 0.90 
2971 
1.0% 

|cos0| < 0.73 
1016 
2.7% 

|cos0| < 0.7 
1169 
3.0% 

| cos t9| < 0.90 
3412 
2.0% 

Inclusive 
Angular range 
No. of events 

Syst. error 

-0 .9 < cost? < 0.7 
9455 
0.6% 

| cos ^| < 0.64 
3187 
1.3% 
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regions in which t-channel effects are large (far from the peak and at low angles) and in the 
rest compute (with [10] or [8]) the t-channel contribution and the contribution from the interfer
ence between t-channel and s-channel and subtract them from the data. The Standard Model 
information in those terms is negligible and, hence, the whole procedure is consistent. 

The subtraction amounts around 10% of the total cross-section in the region close to the 
peak (less than 1 GeV away). The error associated to the subtraction is 2-3 % of the correction. 

Once this subtraction is performed the three leptonic channels can be treated in the same 
foot. Figure 1 shows, as an example, how the DELPHI leptonic and hadronic lineshapes look 
like. The solid lines are the results of the fits, which are discussed in next section. 

4 Model Independent Fits: Formulae and Statistical Tech
niques 

A lot of formulations have been proposed in the last years for a description of the Z° lineshape 
as much as possible independent of the Standard Model. We will describe here a quite recent 
one ([11]), which has the required precision to match the experimental accuracy. A number of 
other formulae (having similar precisions) are also available ([12]). 

The most important part of the cross section for e+e~ —> / / at LEP energies is the one 
coming from the exchange of a Z°. Its contribution can be written in the following way: 

sT% 12* TeTf 1 
(s - MlY + *?\IM\ ' M\ T | 1 + Se

 ( i > ) 

The formula comes from the fact that the Z has spin 1 and shows the typical Breit-Wigner 
behaviour. It does not depend on any assumption about the Standard Model. The widths 
appearing there are to be understood as the physical ones, that is, after all kind of radiative 
corrections. Note that the width appearing in the denominator is multiplied by s. This is to take 
into account in an effective way the running with s of the imaginary part of the Z propagator. 
Its effect is to move the peak position by about —35 MeV. The last term of the formula takes 
out from T e the QED final state corrections, which are not to be included in the width into the 
initial state particles. Initial state corrections will be dealt with later on in this section. The 
correction Se is 

Sf = \±Q) (6) 

with / = e. Most of the weak radiative corrections are already included in eq. 4 because of the 
interpretation of the widths as the physical ones. 

For the photon exchange we have: 

<(*) = f ' G / ^ U + */)*c(l + SQCD) (7) 

In the above formula a(s) is the effective QED constant at LEP energies. It includes the most 
important non-photonic corrections. The two last pieces of the previous equation refer to the 
number of colors and to the QCD corrections and, then, are only to be included for hadronic 
fmal states. 

Finally, we have to include also the interference between the Z and the photon diagrams. This 
interference is extremely small around the Z peak and cannot be modelled without assuming 
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the Standard Model couplings. We will take it as: 

I depends on the Standard Model couplings and can be found in [11], for instance. However, 
since the contribution of this term is so small, the dependence of the whole formula on the 
Standard Model parameters is essentially inexistent. 

The sum of the three pieces above gives us a good description of the cross section including 
the main weak corrections and final s ta te QED corrections. The main piece still missing are the 
initial state corrections. They are very large, and are included via a convolution with a so-called 
radiation function ([13]): 

<r(s) = [' ds' • H(s, s') • {*%{,') + <r°(s') + <T°-Z(S')) (9) 

The function H(s,s') includes initial s tate QED corrections up to 0 ( a 2 ) and soft photon expo
nentiation. It gives us the probability that an electron-positron pair which starts with invariant 
mass s collides with an effective invariant mass s' < s, the rest having been radiated off before 
the collision. The main effects of initial s ta te corrections are to move the peak point (the place 
where the cross section reaches its maximum) by +110 MeV and to reduce the height at the 
peak by about 25%. The lower limit of the integral ( s m ) is the minimal invariant mass allowed 
for the final s tate fermion pair. This will be our final expression for the fitting formula. 

The accuracy of the formula has been assessed in ref. [11]. For the weak par t , a comparison is 
done with two of the most accurate Standard Model predictions available ([14], [15]). Differences 
are seen only at the level of 0.3 per mil in the resonance region. Heavy boxes are not included 
either in eq. 9 or in [14]. Their effect is est imated to be at the level of 1 0 - 5 . Concerning QED 
corrections, the first terms missing are: 

• for the final s ta te corrections, the order a 2 effects or higher. This is also negligibly small, 
at least when no stringent cuts are applied to the data ( 1 0 - 5 correction); 

• in the initial s tate radiation par t , the 0 ( a 3 ) non-leading par t , since the leading effects are 
included with the soft photon exponentiation. They could amount something around 0.3 
per mil; 

• finally, initial/final s tate interference effects are not included at all in the above formula. 
Again, for loose cuts, their effect is small for hadronic final states (0.2 per mil) and larger 
for leptonic final states (2 per mil) . 

Altogether, the accuracy can be est imated as 0.5 per mil for hadrons and 2 per mil for leptons. 

A more detailed discussion can be found in [11]. 

Let 's discuss now, ra ther quickly, some of the statistical techniques needed for the fits. The 
usual way is to perform a chi-squared fit. Tha t is, to minimize the function: 

x

2 = Ê t a - ^ * ) ) - ^ 1 •(*;-*(*,•)) (10) 

with respect to the parameters tha t are fitted. Here <T{ are the measured cross sections (after 
efficiency, acceptance and background corrections) and cr(si) the theoretical predictions. The 
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sum runs over all energy points and lineshapes that are fitted together. The matrix V is the 
full covariant matrix, and will include statistical as well as systematic errors taking into account 
correlations between different points. The diagonal elements are just: 

Vti = (ACT,) 2 (11) 

where all errors are included. The off-diagonal elements include the correlated errors: 

Vij = axaj-J2(^)\ i*j, (12) 

where the term in brackets is a relative error in common for points i and j . The sum goes over 
all such common errors. Examples of such errors are: 

• the luminosity systematic, which correlates every pair of points in all lineshapes, with 
Ac/c between 1.3 and 2 %; 

• the global systematic for each channel, which correlates any pair of points in this lineshape: 
Ac/c varies from 0.4 to 2.8 %; 

• the Bhabha normalization at each energy, which has a common error for every point at 
the same energy in the different lineshapes: Ac/c = 1/y/N, where N is the number of 
luminosity Bhabha events at that energy. 

5 Results of the fits 

Prior to the discussion of the results we should address the question of what kind of fits have 
been done. All the experiments perform fits in which they assume lepton universality and 
fit all the lineshapes (hadronic plus leptonic) together. This implies that there are four free 
parameters. When universality is not assumed, there are six free parameters. There are a 
number of combinations of those parameters that can be taken. The best one would be the one 
in which the parameters are less correlated amongst themselves. This ensures that they actually 
carry different information. In our case they are: the Z mass, Mz, measuring the peak position; 
the Z width, Tz, measuring the width of the resonance; the peak cross section for hadrons, cr°, 
which determines the height of the Breit-Wigner; and the ratio of the hadronic and leptonic 
widths, R = Th/Ti, which gives the ratio between the peak heights for hadrons and leptons. If 
no universality is assumed, we will have three different .R's, one for each lepton. From these four 
(or six) quantities, any other (such as the leptonic widths, the hadronic width or the invisible 
width, Tin» = Tz ~ Th - 3 • Ti) can be easily computed. 

In Table 3 and fig. 2-8 we have the results of the four LEP experiments as well as the average 
result. The averages have been computed as follows. If one has to combine n measurements 
which give results Xi ± ai, i = 1, ...,n, the average reads: 

g = V n X ' (13) 

with an error: 

If some errors are common to all experiments, we first subtract their square from the square of 
each total error, combine the measurements and then add them back again in quadrature. In 
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Table 3: The electroweak parameters obtained by the four LEP experiments from fits of the line 
shapes. 

ALEPH DELPHI L3 OPAL Average 
LEP 

M2 

GeV/c2 

91.186± 
0 .013 J t a t 

91.188± 
0.013„ a t 

91.161± 
0 .013 J t o t 

91.174± 
O.OUstat 

91.177 ±0.031 

Tz MeV 2506 ± 2 6 2476 ± 28 2492 ± 25 2505 ± 2 0 2497 ± 15 

r* MeV 84.2 ±1 .1 83.7 ±1 .5 84.0 ±1 .2 83.6 ± 1.0 83.9 ±0 .7 

Thad MeV 1764. ± 2 3 . 1756. ± 3 0 . 1748. ± 35. 1778. ±26 . 1764. ± 16. 

Tinv MeV 489. ± 22. 469. ± 2 9 . 494. ± 32. 476. ± 25. 482. ± 16. 

Thad/ri 20.95 ±0.31 21.00 ±0.48 21.02 ±0.62 21.26 ±0.32 21.08 ±0.20 

"had n b 41.78 ±0.63 42.38 ± 1.02 41.38 ±0.71 41.88 ±0.74 41.78 ±0.53 

Te MeV 84.9 ±1.4 82.0 ± 1.9 84.3 ± 1.6 82.7± 1.3 83.6 ±0.9 

TM MeV 80.7 ±2.2 87.2 ±3 .5 82.3 ±2 .9 85.9 ±2 .0 83.8 ±1.2 

T r MeV 81.8 ±2.2 86.0 ± 4 . 1 83.5 ± 3 . 7 83.9 ±2 .3 83.3 ±1 .4 
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Table 3 the errors on Mz for the four experiments are statistical only. The errors on all the 
other parameters result from adding in quadrature statistical and systematic errors. 

We will now comment briefly on each of the fitted quantities: the information it has, where 
the measurement really comes from and the main sources of error. 

The mass of the Z is one of the fundamental parameters of the Standard Model. Its value is 
determined mainly from the data taken close to the peak, within one GeV or so. The final error 
is completely dominated by the error in the LEP absolute energy scale. This is ±30 M e V 2 . 

The measurement of the total width depends more on the cross section away from the peak 
( that is, at ± 2 or 3 GeV from the peak). There is a common systematic error coming from 
the point to point uncertainty on the LEP energy and from the understanding of initial s ta te 
radiative corrections. A conservative estimate of 10 MeV error due to these effects has been 
assumed here. This error propagates directly also to the measurement of the invisible width. 

The leptonic widths are determined from the value of T% (which comes from the hadronic 
lineshape mainly) and the number of leptonic events at the peak. The common systematic error 
is est imated in 0.5 % coming from the theoretical error in the low angle Bhabha cross section used 
for the luminosity determination. The same error appears in the hadronic width. Furthermore, 
for the electronic lineshape, this value rises to 1% because of the theoretical uncertainties in the 
wide angle Bhabha cross section ( that is, in the t-channel subtraction). For the lepton selections 
without flavour tagging, the overall common systematic is 0.6%, coming from the same sources. 

The quanti ty R = Th/Ti is independent of the luminosity measurement. Then, here the 
main common systematic comes from the t-channel subtraction and amounts 0.3%. Finally, the 
hadronic peak cross section does depend on the luminosity and this produces a 1% common 
systematic from the theoretical calculation of the low angle Bhabha cross section. 

Let's note tha t for most of the fitted parameters, the dominant error comes from lack of 
theoretical knowledge in Bhabha cross section (both at large and small angles). This si tuation, 
however, is improving ([8], [9], [17], [18]). 

In fig. 2-8 there are the expectations from the Standard Model. We have taken for the 
Standard Model predictions the following ranges of parameters: Mz from (91.177-0.031) GeV 
to (91.177+0.031) GeV; a, from 0.10 to 0.14; top mass between 80 GeV and 240 GeV; and 
Higgs mass between 40 GeV and 1 TeV. The program GAMMAZ ([19]) has been used for the 
calculations. 

The conclusion of the comparisons is that the agreement is very good in all the fitted param
eters. The most stringent tests are those involving ratios of widths because, in this case, most of 
the dependence of the predictions on the top and the Higgs masses drops out. Examples are R 
and the hadronic peak cross section, both expressed in terms of ratios of widths. In both cases, 
the agreement is good, as can be seen in fig. 7 and 8. 

6 The Number of Neutrino Families 

Probably the most important result of this first year of LEP operation has been the precise and 
unambiguous determination of the number of light neutrino families from the measurement of 
the Z° resonance parameters . There are two main ways to proceed. 

In the first one, one assumes that all the invisible width is due to neutrinos. Tha t is, 

Tinv = Nv-Tv. (15) 
2 More recently, a value of ±20 MeV has been estimated ([16]). 
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Then the measurement of the invisible width can be translates into one of the number of neutrinos 
assuming the Standard Model value for the neutrino partial width: Tu = (167.3 ± 1.7) MeV. 
Then from r , n v = (482 ± 16) MeV, we find 

tf„ = 2.88 ± 0.10 (16) 

Alternatively, one can express the number of neutrinos in the following way: 

r i 

and then use the relations 

i v v = ^ = =?-(rz-r f c-3r«) (n) 

Z & 

to obtain an expression of N„ in terms of R, Mz, o-" (which are measured) and the ratio Ti/Tv 

(which we will take from the Standard Model): 

UTTRV'2 

-R-Z] (19) 

The advantage is that the Standard Model prediction for the ratio of lepton to neutrino widths 
is almost independent of the value of the unknown parameters of the theory. Using Ti/Tv = 
0.5010 ± 0.0005, we get: 

Nu = 2.89 ± 0.10 (20) 

Here the limiting error is the luminosity error appearing in the hadronic peak cross section. 
Clearly the data prefer three light neutrino families. 

7 Standard Model Interpretat ion: Effective Mixing Angle and 
Top Mass 

An effective mixing angle at the Z scale, sin2 0w(Mf), has been proposed in the literature ([20], 
[21], [22]) as a parameter which absorbs most of the radiative corrections coming from vector 
boson self energies (which are the most important numerically). Using this approach, one can 
express the leptonic width as: 

r -ïiMhM * + ( i -* sin2 M**!))2

 n + ^ n , s , l 7 U 
T l - " ^ M * sin2 M M ! ) cos* M * * ! ) " ( + ] ' ( + 0 ( } 

where a(M%) is the running QED coupling constant evaluated at the Z mass and K = (0.2±0.3)% 
takes into account the radiative corrections not absorbed in the effective sinus. The error comes 
from its dependence in unknown parameters as the top or the Higgs masses. 

From the previous formula, and using the measured values of Ti and Mz, one can extract a 
value for the effective mixing angle. 

Furthermore, other observables can provide also a measurement of this mixing angle: for 
instance, leptonic and hadronic forward-backward asymmetries and tau polarization. In Table 
4 we show the results that the four LEP experiments obtain for sin 2 0w{M^) together with the 
observables they use. The combined average from LEP reads 

sin2 6W(MZ) = 0.2300 ±0.0020 (22) 

276 



Table 4: sin2 6w(Mz) obtained by the four LEP experiments from different observables. The 
error on the average includes a common systematic error to all experiments, which is estimated 
to be 0.6% of the value of sin 2 0w(M%). 

sin2 M M 2 ) Observables 

ALEPH 0.2283 ± 0.0027 Mz-, T/, r polarization 
// and qq forward-backward asymmetries 

DELPHI 0.2309 ±0.0048 Mi,r, 

L3 0.230 ± 0.004 MZ,TZ 

OPAL 0.2315 ±0.0028 Mz,Ti, 
11 forward-backward asymmetry 

LEP 0.2300 ± 0.0020 Average of the LEP experiments 
with common systematic error 
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where a common systematic error of 0.6% (coming from the common error in Ti) has been 
assumed. 

Within the framework of the Standard Model, the measurements of the Z mass and widths 
constrain the value of the top quark mass and, in principle (although negligibly), of the Higgs 
mass. Figure 9 shows the correlation between the effective sinus and the top mass extracted from 
the value of the LEP-averaged Z mass. The leptonic and total widths also induce correlations 
plotted in fig. 9. The LEP data can be combined with other measurements. In particular, 
with the ratio M\y/Mz as measured (directly) by UA2 [23] and CDF [24] and (indirectly) by 
CDHS [25] and CHARM [26]. The band allowed by these measurements is also shown in fig. 9. 
Combining all this information, one can arrive to the result 

mt = (142 ± 33 ± 20) GeV (23) 

where the second error comes from assuming a variation of the Higgs mass between 40 and 1000 
GeV, 200 GeV being the value taken to give the central value for mt. 

8 Summary 

The main conclusion of the talk is that the Standard Model is in great shape after the first round 
of tests at LEP. No deviation from the predictions has been seen. The excellent performance 
of the experiments and the accelerator has led to an impressive amount of precise results on 
the Z parameters. From them, the most important results we can extract are probably: the 
number of light neutrino families, N„ = 2.89 ± 0.10; the effective mixing angle, sin2 0w(Af|) = 
0.2300 ± 0.0020; and (after combining the LEP data with low energy and pp data) the top quark 
mass, mt — 142 ± 33 ± 20 GeV, with the second error due to allowing the Higgs mass to be in 
the range 40 GeV-1 TeV. 
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Combined fit of DELPHI dc:a «icn Z~iTTER (Bardin et ci ) 
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Figure 1: The DELPHI hadronic and leptonic line shapes 
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r - C H A R M F A C T O R I E S 

J. Salicio 
CERN, Geneva, Switzerland 

Abstrac t 
A few topics in the energy range above the tau pairs and D mesons 
production threshold are discussed. A high luminosity e + e ~ machine 
operating in this energy range (r-charm factory) and a detector full-
filling accuracy and hermeticity requirements, being able of taking 
data from the above machine, are briefly described. Estimates of the 
time-scale and necessary resources are quoted. 

1 Introduction 

The standard model of weak, strong and electromagnetic forces, since its formulation, 
has demostrated a great success. The discovery of the intermediate vector bosons W and 
Z° at CERN in the UA1 and UA2 experiments, constituted a fundamental step in our 
understanding of nature. Many related experimental facts are explained or predicted 
by the Standard Model. 

Recent measurements made by the 4 experiments at LEP corroborate the success of 
the Standard Model. In particular the measurement of the Z° width shows that there 
are three families of light neutrinos. 

However, the Standard Model leaves unanswered many fundamental questions and 
lacks the assumed simplicity of ultimate truth: 

• What decides the list of elementary particles and forces?. 

• Why are there 3 families?. Are there differences between them?. 

• Which mechanism endows each particle type with its specific mass?. 

• Where is the origin of CP violation? 

So far, there is no predictive unified theory describing all known interactions in
cluding gravity, but progress can still be made digging down on the parameters of the 
Standard Model and pursuing researches beyond it. 

Future particle physics experiments should find the quark "t" and at least a Higgs 
field to give masses to the particles if the Higgs mechanism is valid. They should mea
sure unknown or not precise^' known parameters like some of the Cabbibo-Kobayashi-
Maskava matrix elements, the masses of some fundamental constituents {v ...), mixing 
, CP violation, etc. Another aim of future experiments should be the search for new 
physics beyond the Standard Model like: 
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• New particles (SUSY, Leptoquarks, new scalars, etc) through direct production 
or through effects of virtual propagators or rare decays of lighter particles 

• Violation of symmetry principles, conservation laws, etc. 

which could, perhaps, give answers to the previous questions. 
The development of accelerator and detector technologies in the recent years leads 

to a 2-fold approach to future accelerator based physics: 

• Supercol l iders: With modest precision but situated in the high energy frontier, 
having the greatest potential for the discovery of new particles. 

• Factories: At lower energy but in the high precision frontier. They are high lumi
nosity machines with very precise tuning of the working energies. They can focus 
at the energies of the previouly discovered particles and measure their properties 
with unmatched precision. 

Nowadays, both types of machines are needed. They do not compete with each 
other, they are rather complementary, although for given conditions one can be more 
adequate than the other. With this in mind, the possibility of getting luminosities 100 
to 1000 times bigger than current colliders, together with the existence of the technology 
to produce high precision detectors and the relatively low cost of machine and detector, 
make the factories a very attractive possibility to work with. 

Supercolliders , on the other hand, have the potencial of the new physics, but likely 
with the inconvenient of small signals with large backgrounds. Detectors are very ex
pensive and, in some way, still beyond the present State-of-the-art. They are under R 
&: D programs. 

2 Factories 

A common feature of the factories is the high production rate of the particles under 
study and the very high signal to noise ratio. 

If the factory is an e +e~collider, we could have additional advantages, such as: well 
known beam energy, cleaner signals, precise tuning of energies, etc. 

Fig. 1 shows the performance of the different e +e~colliders currently operating or 
projected to operate in the future. 

Within the e +e~colliders, there are 4 interesting energy regions, each with a possible 
factory: 

• <f> Factory: In the cms. energy region around 1020 MeV. This has been recently 
approved to be built in Frascati. Construction will start next year and 4 years 
later it is planned to be operational. 

• r - C h a r m Factory: 

In the energy region where r pairs and charmed mesons are produced. This region 
is particularly rich since the precision studies mediated by two different particles, 
such as T and charm, could be performed [1,2]. 
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(SPEAR) luminosity in the r-charm region. 
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• B F a c t o r y : In the energy region around the Y(4S). Many design studies have 
been made for a B Factory. Particularly a recent one at the CERN ISR ring based 
on a proposal from PSI [3]. 

• Z° F a c t o r y : In the energy corresponding to the Z° mass. A luminosity upgrade 
of LEP is the obvious one. 

3 A r -Charm Factory 

From the point of view of size, richness on the topics to study, availability and costs, 
the r-charm factory seems to have some advantages. 

Fig. 2 shows the elementary ingredients of matter, where we have 3 fermion families, 
each containing a pair of leptons and a pair of quarks, and the intermediate gauge bosons 
carrying the interactions between them. In a r-charm factory 4 of these can be studied 
with high precision , namely: the tau lepton ( r ) , the neutrino of the tau (i / r ) , the 
charmed quark (c) and the gluons (g). 

/ / > \ i \ 
^e vu, VT 

Leptons i 

, e , \ , V ) \ . T ) 

/ \ ( \ / , \ u c t 
Quarks 

d s b 
\ ) V / \ / 

Gauge Bosons 7 W+ W z° 9 

Figure 2: The known elementary particles within the Standard Model. 

The expected luminosity in a r-charm factory is 10 3 3 cm~ 2 . 9 _ 1 in the energy region: 
3 < \fs < 5GeV. This energy region is very rich in resonances and the e + e~annihilat ion 
cross section in the continuum is still high. 

Fig. 3 shows the e+e~—• hadrons cross section in the energy region 1 < y/s < 
lOOOGeV where we see the enhancement around 4 GeV due to the opening of the r and 
charm pairs production thresholds. 

Table 1 shows the typical data collection in a r-charm factory after one year running 
at each energy with an integrated luminosity / Ldt = 15 x 10 6 nb~l. 

As a counter-argument for the r-charm factory it may be argued that at other 
factories like B or Z° Factories, with a factor 2 to 5 lower rate, r and charm pairs are 
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Figure 3: The e + e —* Hadrons cross section in the range 1 < ECTn < 1000 GeY. 

also massively produced. Although it is a right statement, an important feature of a 
r-charm factory is its capability to get clean signals with very low backgrounds and 
with very reduced systematic biases by using tagging procedures. 

Another fact that makes attractive the idea of constructing a r -charm factory is the 
relatively short design and construction period of the order of 5 years, while the physics 
program could last for more than 10 years. 

The original idea for the construction of a r-charm factory at CERN was proposed 
by J.Kirkby in 1987 [4] and the first design was made by J.M.Jowett [5]. Since then, 
many people participated either on the r-charm physics, or the machine, or the detector 
studies. A r-charm factory workshop, where an exhaustive review of r and charm topics 
was made, was held in SLAC in May 1989 [6]. 

Although construction is not approved, several groups have manifested their interest 
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3.0 x 10 1 0 events 
8.0 x 109 events 

at 3.10 GeV 
at 3.67 GeV 

0.7 x 107 events 
3.6 x 107 events 
5.3 x 107 events 

r + r -
r+r-
T+T-

at 3.57 GeV 
at 3.67 GeV 
at 4.25 GeV 

3.0 x 10 7 events 
4.5 x 107 events 
1.0 x 107 events 
1.5 x 107 events 

D+D~ (^'(3770)) 
D°D° (V>"(3770)) 
DfDT 
DfD;* 

at 3.77 GeV 
at 3.77 GeV 
at 4.03 GeV 
at 4.14 GeV 

Table 1: Number of events at different Ecm in a r-charm factory, after 1 year running (~ 175 
full days = 15 x 106seconds) at the peak luminosity of 10 3 3 cm~ 2 s~ l at each energy. 

in the project. In particular, Spanish Authorities from the Ministery of Education and 
Science, have required from CERN a study on the feasibility of constructing a r-charm 
factory in Spain. 

3.1 Energy Range 

The region of interest for a r-charm factory covers center of mass energies from 3 to 
5 GeV. Fig. 4 shows the hadronic ratio R, where r-pairs are also included. Present 
measurements of the hadronic and charmed particles production cross sections in the 
D^D~ region are poor. Perhaps, an early part of the physics program in the r-charm 
factory could be to carry out a precise scan of the hadronic cross section over the charm 
threshold region. 

3.2 Operat ing points 

The r-charm factory can provide unique operating points with exceptionally low back
grounds and internally calibrated by small shifts in the Ecm. 

The following is a list of obvious operating points where different subjects can be 
studied: 

• 3 .10 G e V - J/V>(3100): QCD studies at low Q2. Gluons, gluonic states, light 
hadron production like AA, etc. 

• 3.56 G e V - non — r backgrounds: Just below the r + r ~ p r o d u c t i o n threshold, 
it permits the measurement of all non — r backgrounds: hadronic, two photon, 
breemstrahlung, beam-gas/wall, etc. 

• 3 .57 G e V - Ebeam — mT: Exactly at the r + r ~ p r o d u c t i o n threshold. u T T has a 
finite value (0.233 nb) due to Coulomb interaction between both taus. This fact 
can be used to precisely measure the mass of the r . A bit above the threshold 
{Ebeam + beam spread), aTT has the value of 0.47 nb and /?T = 0.033, making this 
point unique for r studies since it allows the monochromatic production of pions 
and kaons from the two body decays of r ' s . 
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Figure 4: The r-charm threshold region. The data aie from DELCO at SPEAR and show the 
ratio R = cr(e + e _ —• 'hadrons') / a(e+e~ —• fi+[i~), where 'hadrons' include both qq and T+T~ 
events. 

• 3.67 G e V - aTT ~ 2.5n6: This point has the highest r + r ~ p r o d u c t i o n cross section 
below the z/>/(3686) and DD thresholds. Taus are the only source of prompt 
leptons. 

• 3.69 G e V - ^>/(3686): QCD studies at low Q2. Gluons, gluonic states, tagged 
J/ip decays, light meson production, etc. 

• 3 .77 G e V - ^//(3770): This point provides pure D°D° and D+D~ production 
allowing D's tagging. 

• 4 .03 G e V - acc « lOnb: The highest charm production cross section is achieved 
in this point. It is suitable for tagged Df studies via Df D~ events. 

• 4 .14 G e V - 0-cc « lOnb: This is another point where the Df can be analyzed via 
DfD** events. 

3.3 Tagging capabil i t ies 

In a r-charm factory one can easily tag on r , D°, D^ and Df. This is an obvious advan
tage since it allows to minimize backgrounds and systematic biases imposing kinematic 
constrains and providing absolute flux normalization. 

As an example of tagging, consider the case in which Ebeam = mT + &<; ~ 1785MeV, 
where ae = lMeV is the beam spread. At this energy (Ecm ss 3.57GeV) the erTT is 
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« 0.47n6 (Fig. 5). Two-body decays such as: 

± ± 

T —* -K VT 

r ± _* K±VT 

give rise to monochromatic secondaries. In reactions like: 
e + e ~ —» r + r ~ —* ^ i / , . + X 

e V T+T~ K±vT + X 

where the r ' s are essentially produced at rest: 

^ = / ^ = 1 AT(-KIy= 0.033 
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Figure 6: Monochromatic production of pions and kaons from tau decaying at rest. Momentum 
distribution of fi and e from the r decaying at rest. 

it implies that at least a 7r, or a K is monochromatic. Moreover, these different taggers 
are kinematically (Fig. 6) separated: 

P* 

PK 

ELm ~ ml 
2E, 

K2 

bear 

m K 

fflMeV 

= S2iMeV 
' " ( « a m 

The T branching ratios to rvr and KvT are: 

B r ( r —TTI/ T ) = (11.0 ± 0 . 5 ) % 

BT{T -> KvT) = (0.68 ± 0.19)% 

allowing pure samples of reasonable size whereas backgrounds are very reduced or non 
existent. 

Below the DD production threshold, the signature electron -f Emi„ whould imply 
that after one year running we could have collected K 4 X 10 6 events/year at 3.67 GeV 
and « 0.9 x 10 6 events/year at 3.57 GeV with background levels of < 1 0 - 3 and < 5 x 10~ 3 

respectively. 
Similarly, the tagging procedure could be applied to charm particle production, so 

that also pure samples of DD, almost without backgrounds, could be obtained. 
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4 Experiments in the r — Charm regions 

There are many possible experiments that can be done in a r-charm factory. I will 
quote only a few of them and will concentrate in two specific cases as examples. 

E x p e r i m e n t s in the r region 

• vT mass measurement : The mass of the vT is very poorly known. There is an 
upper limit mVr < 35 MeV (95% C.L.). To know whether the vT is or not massive 
is extremely important since a massive v would deeply affect the standard model 
and could give explanations to some of the current cosmological problems. 

• r decay parameters : It is not established the V-A nature of the r decay. The 
study of r decay parameters could constitute a test of weak interaction univer
sality. This parameters are as well sensitive to the existence of new physics, like 
charged higgses, right handed leptons, etc. 

• Prec i s ion m e a s u r e m e n t s of r decay branching ratios: The decays of the r 
to fiVrVf!, ei/Ti?e, 7TI/T, Kvr are well understood within the standard model at the 
level of 1%. New physics, such as charged higgs, new scalars, etc, whould affect 
some branching ratios. Still remaining is the 1-prong problem: the discrepancy 
between the inclusive r —* 1 — prong rate (0.866±0.003) and the total exclusive 
1 —prong rate (<0.805±0.019). The resolution of this discrepancy requires good 
control on systematics as well as high statistics and good sensitivity to all the r 
decay channels. 

• Rare r decays: In addition to the standard rare decays like r —• -KnvT ( B r = 1 0 - 4 

to 1 0 - 6 ) , in a r-charm factory one could study lepton number violating decays such 
as, r —» /~7, l~p:+fi~, l~e+e~, h°l~, h~e~[i+ , etc, with I = fi,e and h = hadron(s) 
. In the r-charm factory we should be able to put upper limits Br{r~ —> 3/*) < 
1 0 - 8 , equivalent to Br(Z° —» / ± r q F ) < 1 0 - 7 . These limits probe scales up to ~ 4 
TeV. 

E x p e r i m e n t s in the charm product ion regions 

• C K M m a t r i x e l e m e n t s F c , , VC ( i: Although unitarity constrains the value of these 
matrix elements to the level of 0.1% (K.) and 1% (T^d), the experimental mea
surements are poor, ~ ±15%. The many semileptonic decays of the D's provide 
almost direct determination of these matrix elements. The tagging capabilities 
of the r-charm factory whould allow us to clearly identify the affected D meson, 
measuring branching fractions with accuracy better than 1%. 

• DD m i x i n g and C P violat ion: Mixing can manifest in the SM through box 
diagrams with rates expected to be very small ~ 1 0 - 6 . It can also manifest through 
long range contributions with exchange of intermediate pseudoscalars with rates 
of 1 0 - 5 — 1 0 - 4 . These small expectations make this channel a suited one for new 
physics with sensitivity ~ 1 0 - 5 . CP violation could be investigated in mixing or 
in decays. The decay signature could be events of the type e + e ~ —* V"{3770) —* 
D°D° -» f(D°)f(D°), with the / ' s of same C P parity. 
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• Rare c h a r m decays : Flavor changing neutral current decays such us D° —* 
H+H~, D+ —> 7r + f i + n~, D+ —> 7r4i/i/, etc, are allowed in the Standard Model at low 
rates, whereas lepton-flavor violating decays such as D° —* e+/j,~ or D+ —• 7 r + e + / i -

are totally forbidden. This search could be very sensitive to new physics like 
leptoquarks, horizontal gauge bosons, contact interactions, etc. 

• Pure leptonic decays: They are perfectly allowed and calculable by the Stan
dard Model , but have not been experimentally observed. Current upper limits on 
the decay rates together with expectations from the Standard Model are shown 
in table 2. 

• J/tp and ipl: In these regions there are a wide range of possible experiments: 
QCD, glueballs, light quark spectroscopy, detailed study of the process J/rj; —> AÂ 
(10 7 events /year), cc wave function and mass spectrum, tagged J/ip decays, via 
lj)f —> 7T+ 7T~" J / 1 p , e t c . 

Decay Expected ratio Experimental limit 
~ 3 x lO- 4 

~ 4 x 10~3 

~ 2 x 10" 2 

< 7.2 x 10- 4 (C£ = 90%) 
< 3 x 10" 2 

Table 2: Pure leptonic D decays as predicted by the Standard Model compared with the current 
experimental limits. 

4 .1 M e a s u r e m e n t of the vr m a s s 

It is important to know if vT is massive since it would deeply affect the Standard Model 
allowing mixing and oscillations between the lepton families. In addition, it could, 
perhaps, give some lightening to the cosmological problems of the deficiency of solar 
neutrinos and the composition of the Dark Matter. 

The vT, unlike the ve and u^, has not yet been observed (will neither be in the 
r-charm factory), but we can measure its mass or at least put an upper limit through 
the study of the r decays at special conditions. The current experimental limit is 

mVr < 35 MeV {CL = 95%) 

The measurement of mVr with accuracies at the level of 1 MeV, implies a knowledge 
of the T mass better than 1 MeV. The current averaged experimental value of the r 
mass is 

m T = 1784.11 2; 6

7 MeV 

In the r-charm factory we can measure mT with accuracy ~ 0.3 MeV (or better 
if special optics is installed in the machine), by performing an energy scan near the 
r + r - p r o d u c t i o n threshold . Exactly at the threshold aTT = 0.23n6 due to Coulomb 
interaction between the r + and the T~. If we perform the scan from an energy slightly 
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above the production threshold, the sudden disappearence of the r — pair production, 
indicates that we are exactly below the threshold (Fig. 5) and so at Ecm = 2. x mT. 

Once the mass of the r is accurately measured, m„ r can be investigated by measuring 
the end points of the 5 charged pions and the K~K+n± mass spectra in the decays 
r* —> 7r + 7r + 7r _ 7r _ 7r ± i / r and r ± —• K + K~'K±vT respectively. 

The mass of the vT whould simply be given by: 

m„ r = mT — M(7r + 7r + 7r - 7T - 7r ± ) e n d 
= mr-MiK+K-i:*)^ 

These decay channels are particularly suited for this determination because they 
have sizeable rates and at the same time they constrain the allowed kinematical region 
of the neutrino. 

The measurement the vT mass within the context of the r-charm factory has been 
extensively studied in the r-charm factory Workshop held at SL AC in 1989. In particular 
the following discussion was taken from Ilef.[7]. 

Study of the 5 charged pion mass spec trum 

Assume that after almost one year of running at /£ c m =3.68 Gev (below the charm 
production threshold) we have collected a data sample of ~ 2 x 10 7 e+e~ —» T+T~ events 
and we want to have a, clean sample of r decays of the kind: 

r* —• 7r+7r+7r~7r~7r : ti/T 

If we require to have in the final state an e or a //, i.e. we tag on the decays 

r * —> e é i 7 e i / r 

and futher, apply the following selection criteria: 

• Piepton > 400 MeV and 5 well tracked charged pions. 

• The six tracks must be contained in the detector fiducial volume: \cos9 < 0.9|. 

• No neutral energy present in the event. 

• Missing momentum Pmi>>ing > 400 MeV. 

• Mred = \J(Fjle-pton + Emitting)2 ~ (ft + ^mining)2 > m k 

we get a very clean sample of the processes: 

e + e~ —• ^T* —> (l^ViVr) (7T + 7T + 7 T _ 7 T _ 7 r T V T ) 

where I = c or //. The efficiency for the signal is ~ 20% but the background suppression 
is better that l O - 0 . 

One of the crucial points in this analysis is the need of very hermetic electromagnetic 
and hadronic calorimeters, without cracks, such that the critérium of no neutral energy 
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present in the event could be safely applied, avoiding possible contaminations from 
undetected neutrons or K^. 

After one year of running, ~ 1500 events are expected with M(71-+ ir+ T~TT~TT*) > 
1750 MeV, that will allow to measure the mass of the vT or to put an upper limit on its 
mass of ~ 3 MeV. Fig. 7 shows the end point regions of the five charged pions effective 
mass distribution for four different vr masses. There one can appreciate the sensitivity 
of this distribution to the v mass. 

Performing similar analysis with other effective mass distributions like M(K + K'TT*) 

and getting higher statistics we hope to reach an upper limit: 

m „ r < 1 MeV/c2 

This is an interesting value since it represents the lower limit for an unstable vT 

allowed by cosmological and particle physics constraints [8]. Fig. 8. Below this value, 
the mass should be < 65 eVj(?. 

4.2 D°D° m i x i n g 

D°D° mixing [9] means that the two flavor eigenstates D° and D° are different from 
the two mass eigenstates. The later are characterized by a mass splitting Am and a 
difference in width AT. 

The decay of a meson produced as a flavour eigenstate, say a D°, will exhibit an 
evolution in time: 

Rate(D°(i) -> / ) oc e~rt | A , + y^B} + ^ ± V ( ^ j 

where / denotes the final state of the D decay, (x = ^F 1 and y = ^jF) <C 1 and CP 
invariance is assumed. Aj denotes de direct decay and Bf the interference between the 
direct decay and the mixing processes. Aj and Bf are independent of t. 

The mixing parameter TD is defined as: 

B{D° -* D° -» / ) x2 + y2 

T D ~ B(D°^f/f) " 2 

Mixing can manifest in the Standard Model by the box diagrams shown in Fig. 9, 
with rates which are expected to be small: 

rD < 10" 6 

Mixing could as well manifest through Long Range Interactions (Fig. 9), which 
are also 2 n d order weak interactions, where the transitions Z?° <-» D° are performed by 
exchange of intermediate pseudoscalars, like kaons or pions. A reasonable estimate for 
TD in these cases, within the Standard Model, could be between 10~ 5 and 1 0 - 4 . 

The small D°D° mixing expected from the Standard Model makes this channel ideal 
to search for new physics. 

Obviously, the study of the time-dependence of the decay D°(t) —» / is very difficult, 
not to say impossible, in a r-charm factory , but nevertheless, mixing can be studied 
through the correlations of the D°D° system in different decay processes. 
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Figure 7: The endpoint spectra for the 5 ^ invariant mass in the decays T?™ —> 5x±vT. Several 
values of m„ are assumed, as indicated. The distributions come from a Monte Carlo data sample 
of 5 X 10 7 T+T events. 
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the lowest possible mass of an unstable uT is as 1 MeV/c7. 

305 



a) d. s, b 
— • 

u 

b) 

W W 

d, s. b 

c 

u 

W 
rwwv 

d, s. b 

vww w 

u 

7C7C, KK 

7 t K t K * 

Figure 9: Diagrams generating mixing within the Standard Model, (a) Box diagrams with W 
exchange, (b) Long range interactions with pseudoscalar particles exchange. 
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The processes 
e + e - _+ ( 7 o r ^//(3770)) -+ £>°Z>°X 

where 

constitute an analyzer to identify the source of the signal. The final state is odd (-) 
under charge conjugation C. If at most one IT0 or 7 is produced together with the D°D° 
pair, then the D°D° pair forms an eigenstate under C. 

In these conditions the D°D° pairs come from a quantum state where the 2 neutral 
D mesons have well-defined relative phases, which can be determined by observing the 
decays of both, the D° and D°. Studying the correlations in these D decays for C even 
(+) and C odd (-), we can extract the information. 

More specifically, consider the decays: 

D° - • r x vs. D° - • l+X 

D° - • K+*- vs. D° -* K~rr+ 

to illustrate the phenomenology. 

In the Standard Model the semileptonic decay DQ —> l~ X has a rate: 

Raie(D°(t) -» l~X) oc e~rt | ^ y ^ ( ^ ' j 

The non-leptonic decay has instead: 

Rate{D°{i) - k+*~) oc e~rt {2tgi9c\pklc\2 + 2y—tg20c\pkir\ + ^ - ^ 

W ith 

denoting the relative strength (in amplitude) of the Double Cabibbo Suppressed Decay 
(DCSD) mode (CP invariance is still assumed). 

Then, by measuring the ratios of like-sign to opposite-sign di-leptons in e+e~ —» 
D°D° -» l+l+X or the ratio N{(K±Tr*)D(K±Tr*)D}/N{{K±K*)D{K*n±)D} in e+e~ -> 
J D 0 Z ) 0 —»• (A'7r)(/<'7r), we find the pat terns shown in tables 3 and 4. The di-leptonic final 
state provides an unambiguous signature for mixing, whereas the final state with "two-
identical" hadronic decays (jRT7r)(jfif7r), competes with DCSD. 

The double Cabibbo suppressed D decays (DCSD) can have a sizeable contribution 
to the ratio, tgA9c ~ 0.003, but the contributions can be separated since Bose statistics 
forbids DCSD when D° mesons are produced in a relative / = 1 state {D°D° and 
D°D°7r0) and allows DCSD when they are in a relative I = 0 state (D°D°y). 

The comparison between processes 1, 2 and 3 in the previous tables provides an 
unanbiguous signature for D°D° mixing as the source of the unusual events, allows the 
measurement of x,y and constitutes a mechanism to cross-check systematics. 

The statistics that can be obtained after one year of running at the peak luminosity 
in a r-charm factory is ~ 6 x 10 4 di-leptonic events and ~ 4 x 10 4 (KW)(KTT) events. 
This should allow a sensitivity of 

rD ~ 10~ 5 
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e+e- - • l*l±Xorl±FX C[D°D°] 

1. 

2. 

3. 

e + e - _ po^o 

e + e - -> P 0 ^ 0 * + ftc -> Z)°P° T 

e + e - _ , pojjo* + h c _^ £>o jjo^o 

+ 

Table 3: Like-sign to opposite-sign ratios found in the D°D° semileptonic decays for processes 
where the D°D° system has different charge conjugation C. 

e+e" -> A-**-***** 

e+e" -» J ^ T T ' À ^ T T * 

AA«m6er(A' ±)rT) n(J!f± 7rT) r ) e+e" -> A-**-***** 

e+e" -» J ^ T T ' À ^ T T * Including Mixing Without Mixing 

1. 

2. 

3. 

e + e - _» £°i)° 

e+e" -> Z?°P° 7 

e+e" -» D°i) 07r 0 

3 r c + 8 y ^ 2 ^ c | ^ | + 4 ty 4 0 c | /3* , | a 

0 

0 

Table 4: Contributions to the ratio due to the different sources competing to the mixing in the 
D° —> Jfĉ jr̂  decays in processes where de D°D° system has different charge conjugation C 

4.3 C P vio lat ion 

Consider the decay D° -> P + P " , where P + P " denote TT+TT" or K+K~. For the CP 
conjugate reactions we have the following expressions: [9] 

Rate[D°{t) -* P+P~) = e-rt\TPP\
2{l - sinAmiAPP) 

Rate[D°{t) -» P+P~] = e - n | 7 > P | 2 ( l + sinAmtAPP) 

In the D°D° system, CP violation could show up through mixing (Am ^ 0) or in 
direct final state decays. 

M i x i n g 
A possible scenario to look for CP violation could be with the processes e+e" —> 

D°DQ + ... with the following D°D° decays: 

1. D° -» l+X , £>° -> CP eigenstate {KK, -KIT, etc) 

2. D° -> l~X , D° -*CP eigenstate {KK, TTTT, etc) 
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In this case, there is a CP asymmetry, App, that can only be observed if mixing 
occurs, i.e. if Am ^ 0, and it shows a different rate D° —• CP eigenstate over 
D° —• CP eigenstate. In Table 5 are shown the expectations for the time integrated 
asymmetry of different charge conjugation final states DQD°, D°D0Tr° and D°D°j. A 
deviation from the quoted values in the table would indicate CP violation. 

e+e- -» P+P- l~X 
e+e~ -> P+P- l+X 

JV|fP+P-)nfr jf)nl-Mfi>+i ' - )nfJ+JOnl 
/V[(P+ JP-)D(;-A-)D]+A'[( JP + P - ) D ( / + X ) D ] c[£>°£°] 

1. 

2. 

3. 

e+e- - • D°D° 

e+e- -* D°D°* + he -* D°DQy 

e+e- -> D°JD°* + Ac -» D 0 / ) 0 * - 0 

0 

2\/2r/jv4;>/> 

0 

+ 

Table 5: CP asymmetry for the processes with different charge conjugation C. 

After one year of running at Ecm = 4.14 GeV, a sample of ~ 10 4 such events, is 
expected, enabling searches for CP asymmetries down to the 1% level, assuming mixing 
rD ~ 1 0 - 4 . 

Direct 
Similar sensitivities to the case of mixing could be obtained in direct CP violation 

searches. The detection of e + e - —• ^"(3.77) —> D°D° —» / ^ / p o , where the final states 
have equal CP parity, e.g., / = K+K~, TT+TT~, K,K„ p°ir°, etc, is a clear signature of 
CP violation. A single event of the above type establishes CP violation, since initial 
state (tpti) is CP even (+) , whereas the P-wave final state is CP odd (-). Table 6 shows 
examples of expected rates assuming 100% CP violation. 

xplt --» (CP eigenstate 1)(CP eigenstate 2) 
CP eigenstate 1 CP eigenstate 2 Events for 100% CP violation 

jfe+jfe- 7T+7T- 300 

Jfc+ife- kL*° 3000 

7r+7r- kLn° 1000 

Table 6: Rates for direct CP violation assuming 100% CP violation after one year of running at 
a peak luminosity of 10 3 3 cm~2s~l. 
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4.4 S u m m a r y 

Although only a few cases have been quoted here, one can feel the high physics potential 
of a r-charm factory. There is a broad experimental program involving four main areas 
of study: 

• r — l ep ton 

• vT 

• Charmed quark c 

• J/V> or ipf decays 

and it might last for longer than 10 years. 
Data samples with a yearly production 100 to 1000 bigger than the currently accu

mulated data whould allow us to reach the high precision level required for many of the 
topics. 

Very good experimental measures of backgrounds and useful single tagging capabil
ities for both D — mesons and r — leptons allows to keep systematics under control 
in the r-charm factory. 

5 The Machine 

The study of the second generation quark family and the third generation lepton family 
with unprecedent sensitivity will highly depend on the Machine Luminosity and on the 
Detector Performance. 

The machine is designed to give 100 to 1000 times higher luminosity than any cur
rently operating machine in the r-charm energy range. The original design for a r-charm 
factory at CERN was made by J.M.Jowett [5]. This was evaluated and further developed 
at the SLAC r-charm factory Workshop [6]. Since then, the interest for the r-charm 
Physics and in particular within the scenario of a r-charm factory increased. Several 
meetings and workshops on physics and detectors were held [10,11]. 

A possible scenario for this machine could be in Spain since at the institutional level 
there was a request for a study of the feasibility of a r -charm factory in a new laboratory 
in Spain. 

In this section I will describe the machine such as it is being thought as a consequence 
of the study previously quoted. 

5.1 Des ign Specifications 

The aim of the machine is to get a luminosity as high as possible within the current 
technological limitations. From the point of view of components, the machine has a 
standard structure (Fig. 10). We can distinguish the following main components: 

• Dedicated Storage Rings. e+e~ collider operating with equal e + and e~ beam 
energies in the range 1.5 < Ebeam < 2.5 GeV. The expected peak luminosity 
is L > 1 0 3 3 c m ~ 2 s _ l at ECm = 4 GeV. At lower Ecm, the luminosity will 
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Interaction axe» 

Figure 10: Schematic representation of the chain of accelerators 

approximately follow the law: L sa yCo) x ^ 3 3 c m _ 2 s _ 1 > whereas for higher 

energies it behaves as: L ~ (j3*M * 10 3 3 cm~2 s~l, with n between 3 and 4. 

• Single Interaction Region and Detector. Although the project considers only one 
interaction region and therefore a detector, the design and calculations for the 
machine lattice are made leaving open the possibility of a second experimental 
area/detector . 

• Dedicated High Performance Injector. The e + e ~ Injector involves an electron 
gun, an electron/positron converter, linear accelerators, booster synchrotron and 
transfer lines. The booster operating up to 2.5 GeV ,will allow injection into the 
r-charm factory rings at full energy, so that beams can be frequently topped off 
to maintain high average luminosity. 

• Dedicated Synchrotron Light Source. This will be a single e + storage ring oper
ating at an energy to be specified by the needs of the experimental community. 
Here the estimation will be made assuming an energy E=0.8 GeV, corresponding 
to the Vacuum Ultraviolet Spectrum. 

311 



SPEAR BEPC r-charm 
Number of bunches kb 1 1 30 
Effective bunch separation sb H 234 240 12 
Total beam current I [mA] 10 50 570 
Vertical /3-function at IP ft [m] 0.10 0.10 0.01 
Beam-beam tune shift Zv 0.025 0.04 0.04 
Luminosity L [cm~ 2sec - 1] 1.0 x 10 3 0 1.0 x 10 3 1 1.0 x 10 3 3 

Table 7: Comparison of e + e colliders at Ebeam ~ 2.0 GeV. In these machines, the luminosity 
L ex {IUIPDE-

5.2 Luminos i ty of the Storage Rings 

The true luminosity [12] of e + e ~ storage rings can be expressed as: 

_ ™(1 + k2)(Eb/mec*y -

where 4 parameters not completely independent can be tuned to achieve high luminosity. 
The design criteria for the storage rings can be seen from the equation as follows: 

• Minimun Bunch Spacing Si,: Minimize the bunch spacing or maximize the number 
of bunches is one of the possibilities to increase luminosity. The two rings scheme 
will allow operation with many bunches, e~ in one ring and e + in the other, but 
we must arrange for head-on collisions (Double ring configuration with separation 
scheme). 

• Maximum Beam-Beam Tune Shift £y: To achieve it we must have zero-degree 
crossing angle, large dynamic aperture, good magnet alignment and a flexible 
orbit control. 

• Maximum Horizontal Emittance e x : This could be satisfied by a large machine 
aperture, two rings and wigglers which maintain a large emittance at low energies. 

• Minimum /3*, i.e., Maximum Vertical Focussing at the interaction point: This 
needs close-in final-focussing quadrupoles and , also, a short bunch length which, 
in turn, requires a low impedance vacuum chamber. A doublet (or triplet) of 
superconducting quadrupole magnets can be envisaged to focus the beams at the 
interaction point of the r-charm factory. This micro-/? optics has been designed 
to achieve /?* ~ 1 cm. 

In table 7 we compare some of the most relevant parameters with those of previously 
and currently operating machines. 

5.3 T h e Injector Complex 

It constitutes the mechanism to inject the e + and e~ bunches into the storage rings at 
energies ranging from 1.5 GeV to 2.5 GeV. It should provide the rings with 30 bunches, 
each with 1.5 x 1 0 u particles, every 30 to 60 minutes (lifetime). 
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Figure 11: Injector complex 

To achieve a high average luminosity, the filling of the 2 rings must be done in a 
short time compared with the lifetime. The filling time has been fixed to 10 minutes 
for the e + and a fraction of that for the e~. 

The main components of the injection system (Fig. 11) are: 

• Electron Gun 

• Primary Linac 

• Converter Target 

• Pre-injector Linac 

• Booster 

• Transfer Lines 

6 The Detector 

In addition to the high luminosity of the machine providing e +e~"annihilations in the 
r — charm region, we need a very performant detector. 

Physics requirements on the design were evaluated in detail during the r-charm 
factory Workshop at SLAC and futtherly at CERN [6,11] by the r-charm Detector 
Study Group. 

Such a detector would have the following main components: 

• Magnet . A superconducting magnet of 1-1.5 Teslas, providing the bending power 
for the momentum measurement of charged particles. 

• Tracking D e t e c t o r . A drift chamber with 40 anode wire hits per track giving a 
resolution ax,y = 150 fxm, providing with d E / d x measurement. The main problem 
in this detector would be the Multiple Coulomb Scattering, that could, perhaps, 
be minimized by choosing a convenient gas mixture. 

• T i m e of Fl ight Counters . Fundamental to identify TT, K and p in combination 
with the d E / d x information given by the tracking detector. Here timing resolution 
of ~ 120 ps is needed to resolve particle identification by time of flight. 
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Mark III /BES r c F 

Charged particles: 
Momentum resolution: cr p /p(GeV/c) 1 .5%p0l .5%//? [Mklll] 

0.7%p©1.3%//9 [BES] 
0.3%p © 0.3%//? 

p^ i n (MeV/c ) for efficient tracking 80 50 
Q (barrel)(x47r sr) 70% 90% 

Photons: 

Energy resolution: ^ / ^ ( G e V ) 17%/VË l % / \ / £ © l % 
Angular resolution: tr e ^ (mrad) 10 [Mklll] 

5 [BES] 
3 / N / 1 © 1 

2j angular separation: A02y (mr) 20 80 
££, i n (MeV) for efficient detection 100 10 

Particle identification: 

h—>e rejection 4% at 0.5 GeV/c 0.1% 
h—» /x rejection 5% at 1.0 GeV/c l % / p ( G e V / c ) + l % 
•K —»K rejection 3cr at 0.7 GeV/c 3tr at 1.0 GeV/c 
/ f£ /n detection efficiency 62% 95% 
£^ i n (MeV) for efficient v tagging - ~ 100 

Table 8: Comparison of the performances of the Mark III (SPEAR), BES (BEPC), and r-charm 
factory detectors. The symbol '©' denotes addition in quadrature. 

• E l ec tromagnet i c Calor imeter . Is made of Csl crystals arranged in 10000 tow
ers facing the interaction point with an small offset. The calorimeter has 16 XQ. 
The readout is made with two Si photodiodes mounted to a waveshifter-plate in 
the rear face and possibly one additional photodiode in the front face of each 
crystal to provide depth information. A layer to measure angular position within 
each crystal is under development. 

• Hadronic Calor imeter and m u o n detector . The hadron calorimeter is made 
out of 1.25 cm thick iron plates interleaved with 1.5 cm thick drift chambers 
arranged to avoid projective cracks (Fig. 12). The calorimeter surrounds the 
superconducting magnet acting as the flux return path of the field. The depth of 
the calorimeter is of 4 Xab,. Its main functions are to tag the presence of K^/n 

and identify /x's. 

• Small angle D e t e c t o r s . The inner face of each micro-beta quadrupole is equiped 
with BGO crystals of 16 X0 depth completing the solid angular aceptance and 
providing the luminosity monitor. 

In table 8 is shown the expected performance of the r-charm factory detector com
pared with current detectors operating at a similar energy range. In Figure 13 a side 
view of the r -charm factory detector is shown. 

As the production event rate of the T-charm factory is very high (from a few Hz to 
several KHz) the On-line trigger and DAQ system that has been adopted is based on a 
multi-level and pipe-lined structure. 
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Figure 12: End view of the r-charm factory detector. 

The On-line trigger is arranged in three levels. Level-1 uses T O F counter signals and 
an analog sum of the electromagnetic calorimeter energy. This could reduce the beam 
crossing rate of 25 MHz to a trigger rate of ~ 10kHz containing mostly cosmic rays, 
synchrotron photons, beam-gas/wall interactions, etc. Level-2 makes a more detailed 
event selection using the charged track information from the tracking chamber and 
the energy cluster information from the electromagnetic calorimeter. The expected 
output rate of this trigger is equal to the physics event rate plus a background rate of 
about 3 KHz. Level-3 is a software trigger based on a large network of microprocessors 
having a computing power of 10000 Mips where the full event analysis is performed and 
interactions with the desired physics characteristics can be selected. The events are 
then written in cassettes at a rate of 50 to 100 Hz. 

Physics analysis can then be performed at the r-charm factory and at the computing 
centers of the collaborating institutes 
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Figure 13: Side view of the r-charm factory detector. 
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Site construct ion: MSF 
Accelerator buildings, offices, workshops 65 
Site civil engineering 20 
Site equipment 15 
Restaurant, hostel 5 

105 MSF 

Accelerators and technical equ ipment : MSF 
Injectors, beam transfer lines 45 
r-charm storage rings 55 
Laboratories technical equipment 10 
Computing facility 15 

125 MSF 

Personnel , e t c . : MSF 
Personnel 60 
Recurrent cost 10 

70 MSF 

Total cost (material & personnel ) : 300 M S F 

Table 9: Estimated cost of construction of the laboratory (Stage I) (excluding the synchrotron 
light source) 

7 Schedule and Cost Estimate 

Here I summaryze from the study [13] made on November 1990 as a consequence of 
the request of the Spanish Minister of Education and Science to the CERN Director-
General. 

7.1 Schedule 

The schedule involves the construction of a Laboratory with all the necessary infras
tructure and the machine itself with the prototyping, tenders, components production, 
etc. It consists of two phases: the construction of the laboratory with the comissioning 
of the machine at its sixth year and then the construction of a synchrotron light source 
with which we are not concerned in this report. 

The first phase has two periods, the first of about three years where all the designs 
and prototyping work will be made at the expert laboratories at the same time as the 
engineers and technical staff is being trained to be the future personnel of the laboratory. 
A minimal staff will be at the site taking care and supervising the construction of the 
laboratory. The second period of another 3 years where the transfer of activities from 
the expert institutes to the Spanish site will start to begin the reception and acceptance 
tests of components delivered by the contractors before its assembly and installation. 
In this period the arrival and assembly of the detector components should take place. 

7.2 Cost e s t imate 

Costs for an assumed 6-years long project, including laboratory, infrastructure, machine 
and personnel is shown in table 9. It does not include the detector for the r-charm 
factory ,neither the synchrotron light source. 
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8 SUMMARY 
What we have seen along this lecture is only a very small portion of what could be done 
within the r-charm factory. There is a very rich field to produce interesting physics. The 
study of the 3 r d Generation Leptons and the study of the charm quark and many related 
processes with very high statistics, very small backgrounds and reduced systematics 
make of the r-charm factory a very attractive possibility. 

The construction period (6 years) is not very long whereas the period for physics 
could last for longer than 10 years. 

In addition , the r-charm factory constitutes a good laboratory to perform R & D 
and to train physicists and engineers in involved technologies. 

And all this with within a reasonably low cost. My own opinion is that it is worth 
to join the effort!!!. 
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Abstract 

Some of the basic concepts and most important results of perturbative QCD 
are presented, together with some illustrative comparisons with experiment. 
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1 The QCD Lagrangian 
The QCD Lagrangian is, up to gauge-fixing terms, 

£QCD = - ^ ^ + E ^ m ) « - ^ ) ^ 

F$ = dvAl-drAl+g.fabcAlAl 

( ^ ) - ï = Sijd^-ig.TfjAl (1) 

where gs is the QCD coupling constant, T-j and fabc are the SU(3) colour matrices 
and structure constants respectively, the i!>?(x) are the 4-component Dirac spinors 
associated with each quark field of colour i and flavour q, and the A°(x) are the 
eight Yang-Mills gluon fields. 

2 Colour Matrix Identities 
Explicit forms for the SU(3) colour matrices and structure constants can be found, 
for example, in the Review of Particle Properties [l]. The following are some useful 
identities: 

[Ta,Tb] = 
ifabcrpc 

{Ta,Tb} = dabcTc + l ^ a 

facd fbcd 
= CA8

ab 

(TT-)y = 23CT& = CpSij 

Tx{TaTb) = î ^ î j = TF8
ab 

CA = Nc = 3 

cF = 
JV C

2 - 1 _ 4 

2NC 3 

TF = 
1 
2 

r£x(TaTbTc) = 
Ijabc + \dal 
4 4 

fabc fabc 
= 24 

dabcdabc 
= 

40 

where summation over repeated indices is understood. 
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3 T h e Q C D Coupl ing Cons tan t 
The scale dependence of the renormalized QCD coupling as = g2/4.ir is determined 
by the /^-function coefficients: 

H2 das(n2) _ a3(n2) ,as(n2) 2Q ,as(fi2)^3i A - (^T^r/^i - ( ^ r ^ m + as(fi2) dfi2 4n Ax 4x 

fa = 1 1 - | n , 
38 

A = 102 -—n, 

2857 5033 325 
A(MS) = r p _ r r r r n / + ^ : n ? . ( 3 ) 

Retaining only the first two terms on the right hand side and solving the differential 
equation for a , ( /z 2 ) gives 

i + M o g f ^ ^ W M o g ^ , (4) 
a , \ 1 + i>ia s / A 2 

with 

6 ° - 4 7 ' 6 l = 4 ^ ' ( 5 ) 

Note that a constant of integration in the form of a dimensionful parameter A has 
been introduced - replacing A by cA also gives a solution to the differential equation. 
The convention chosen here is such that the left hand side vanishes when /i = A. 
This is the s tandard definition of the 'two-loop' coupling constant as a function of 
the scale // and the fundamental QCD scale parameter A. It is adequate for 'next-
to-leading order ' phenomenology. The above expression for a, can be generalized 
to include also the ($2 te rm [2]. 

An explicit form for as can be obtained by expanding in inverse powers of 
log( / / 2 /A 2 ) : 

2 12TT 
< W ) = ( 3 3 - 2 n / ) l o g ( ^ / A 2 ) 

6 ( 1 5 3 - 1 9 n / ) l o g l o g ( / x 2 / A 2 ) 
(33 - 2 n / ) 2 log( /z 2 /A 2 ) (6) 

which illustrates the characteristic 'asymptotic freedom' property - the coupling 
decreases monotonically as y? increases. Note however that this expansion corre
sponds to a slightly different definition of A from the implicit expression (4) for 
as, the expansion of which would contain a term ~ cons t . / l og 2 . The freedom to 
multiply A by a constant can be used to remove this term. There is a C?(15%) 
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A,a p B,f3 
^SL2SLSL9SLQSLSISIS> 

rAB ga» + (l-\) 
pap0 

p2 + ie p2 + ie 

a. i 

P 

P bj 

AB I 

p2 + ie 

ab i 
(p-m + ie) .. 

_gfABC ^ { p _ qy + g l h { q _ Ty + g y a ( r 

(all momenta incoming) 

-i92fXACfXBD(9a0g,S- 9aS9fiy) 
-ig2fXADfXBC(ga0g,s-ga,g0s) 
_ig2fXABfXCD { g ^ m _ g a 6 g t h ) 

A, a 

y 
/ 

ABC„a 
gfABCq, 

C,J 

-i9(tA)jy% 

Table 1: Feynman rules for QCD in a covariant gauge. 
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Agir (MeV) as(Ml) 
50 0.0970 
100 0.1060 
150 0.1122 
200 0.1170 
250 0.1210 
300 0.1245 
350 0.1277 
400 0.1305 
450 0.1332 
500 0.1356 
550 0.1379 
600 0.1401 

Table 2: as(M%) for various A § ^ 

difference in the A's defined by (4) and (6). Since in practice it is usually as which 
is measured experimentally, it is important when comparing A values to check tha t 
the same equation has been used to determine A from the coupling constant. 

A second difficulty with the above definitions is that A depends on the number 
of active flavours. Values of A for different numbers of flavours are defined by 
imposing the continuity of as at the scale // = ra, where m is the mass of the heavy 
quark. For example, for the 6-quark threshold: c* s(m^,4) = a s ( m ^ , 5 ) . Using the 
next-to-leading order form (4) for as(Q2) one can show that 

m~m(^)*M-nk)Y A(5) 2 (7) 

In practice, most higher order QCD corrections are carried out using the modified 
minimal subtraction (MS) regularization scheme. To be consistent, then, one uses 
the above results for as(fi2) with A = Ajjjg. 

Some recent a, measurements are shown in Fig. l . The lines indicate different 
values of AJ^L Extreme caution should be exercised when comparing the precision 
of the various measurements, as the errors have different meanings in different 
processes. A central value of AJ-̂ jr ~ 150 MeV is indicated. With the advent of 
high precision measurements of a s at LEP, one can nowadays take a s ( M § ) as the 
fundamental parameter of QCD, rather than A^g-. Table 2 gives the conversion 
between A ^ and o ; s (M| ) using the definition given in eqn.(4). 
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Figure 1: A compilation of as measurements from different processes. 
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4 Deep Inelastic Scattering 
Consider the deep inelastic process Ip —>• IX. Label the incoming and outgoing 
lepton four-momenta by k^ and k'1* respectively, the incoming proton momentum 
by p*1 (p2 = M2) and the momentum transfer by q^ = k11 — fc'^.The s tandard deep 
inelastic variables are defined by: 

Q2 = 

X = 
Q2 

2 p2 = M2 

Q2 

2p-q 
q-p 

2M(E - E') 

= 1 - E'/E 

xy (8) 

where the energies are defined in the rest frame of the target. The structure func
tions Fi(x,Q2) are then defined in terms of the lepton scattering cross sections. For 
charged lepton scattering, Ip —» IX, 

d2c 

dxdy 

4TTQ 2(S - M2) 

Q4 

•i + ( i - y y 

+{l-y){Fïm-2xFîm) 

\2xFl 

M2 

s-M2 

and for neutrino (antineutrino) scattering, v{v)p —• IX, 

xyF; em (9) 

<Ptr*p) _ G2

F(s - M2) 

dxdy 2ÎT 
( l - y -

M2 

s-M2 
xy)F^ 

+y2xF*P) + ( - ) y ( l - y/2)xF*D) (10) 

In the quark-parton model, these structure functions are related to the quark 'dis
tr ibution functions' or 'densities' q(x, Q2) , where q(x, Q2)dx is the probability that 
a par ton carries a momentum fraction x of the target nucléon's momentum when 
probed (by a gauge boson 7*, W or Z ) at energy scale Q. Thus 

F 2" = 2x[d + s + U + c] 

2x[d + s — û — c] 

2x[u + c + d + s] 

2x[u + c — d — s] 

xFZ 

n 
xFl 
rpem 4 1 -

x[-(u + u + c + c) + -(d + d + s + s)] 
y y 

2xFx = F2 (11) 
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Figure 2: Quark and gluon distributions at Q2 = 5 GeV 2 from reference [3]. 

Note tha t when the nature of the target is unambiguous the notation q(x,Q2) and 
G(x, Q2) for the quark and gluon densities can be used, otherwise a general notation 
is fa/A{xiQ2)i where a = u, d, ... g and A = p, n, Fe, Cu, etc. 

Fig.2 shows some representative quark and gluon distributions (the KMRS(BO) 
distributions of reference [3]) extracted from deep inelastic scattering and other 
processes. Note that 'sea' refers to the (equal) û and d distributions in the proton. 

5 Scaling Violations — the Altarelli-Parisi Equa
tions 

In the 'naive' par ton model the structure functions scale, i.e. F(x,Q2) —» F(x) in 
the asymptotic (Bjorken) limit: Q2 —• oo, x fixed. In QCD, this scaling is broken by 
logarithms of Q2. In describing the way in which scaling is violated it is convenient 
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to define singlet and non-singlet quark distributions: 

FNS = Qi ~ QJ, Fs = £ > , + qt). (12) 
« 

The non-singlet structure functions have non-zero values of flavour quantum num
bers such as isospin or baryon number. The variation with Q2 of these functions is 
described by the so-called Altarelli-Parisi equations [4]: 

O 2 = v ' Pqq * FNS 

V dQ 2
 2TT 

OLj' ZZ 

9 2 W = ^p-(P9q * FS + P99 * G), (13) 

where * denotes a convolution integral: 

f * 9 = t-f(y)g(-). (14) 
J* y y 

In leading order the Altarelli-Parisi splitting functions are 

Z\\-x ) + 

P « = I ( x 2 + ( l - x ) 2 ) 

p9Q 4 / l + ( l - x ) 2 \ 

pgg / l — x 
= 6 + x(l-x) 

\ x 

-(i + ̂ Wi-). 
> +<ï^> +) 

(15) 

Note the 'plus prescription' for the functions which are singular as x —• 1 : 

£ dxf(x)(g{x))+ = £ dx{f{x) - f(l))g(x). (16) 

The Altarelli-Parisi equations can be solved analytically by defining moments (for
mally, the Mellin transforms) of the structure functions, M^s =< FNS >„= 
JQ dxxn~1FNS etc. The convolution integral then becomes a simple product. Intro
ducing the leading order expression for the QCD coupling constant (see above), 

47T 
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one obtains, for the non-singlet solution, 

M^(Q2) = M»s(Ql)(^^ydn, (18) 

where dn = 2 < P « > n / # , . Note that di = 0 and tha t d n <*0 for n > 2, which 
implies that the a; distributions decrease and increase with increasing Q2 at large 
and small x respectively. Solutions for the singlet and gluon moments can be found 
in a similar way, by first diagonalizing the coupled equations. 

The precision of contemporary deep inelastic da ta demands that the QCD pre
dictions are calculated to next-to-leading order. This amounts to the replacements 
(shown schematically): 

P(x) -+ P(°\x) + ^P{1)(x) 

F = J2l -> FV = Y,C*q, C = 8(1 - x) + 0(aa). (19) 

An example of a next-to-leading order QCD fit [3] to recent high-precision data on 
FgD from the BCDMS collaboration [5] is shown in Fig.3. 

6 Hard Processes in Hadronic Collisions 

A fundamental theorem of QCD states that if there is a large momentum transfer in 
the quark or gluon scattering subprocess (here 'large' generally means much greater 
t han the QCD scale A) then hadronic cross sections can be expressed as a convo
lution of universal par ton distributions, measurable for example in deep inelastic 
scattering, and a subprocess cross section calculable in principle to arbitrary order 
in strong or electroweak perturbation theory: 

aAB^X + . £ [dxadxb fa,A(xa,Q
2)fb/B(xb,Q

2)-àab-+X\S=XaXbSAB ( 2 0 ) 
» _ »/ 0 a,b=q,g 

with the factorization scale Q usually taken to be a ' typical ' energy for the subpro
cess. The general expression for a scattering cross section is given in Appendix A. 
Some specific examples are given below. 
(a) Drell-Yan, W and Z production cross sections are obtained from the subprocess 
cross sections: 

da « - > i + ' ~ 47TC* 2 

dM2 9M2 
e2J(s - M 2 ) 
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Figure 3: Next-to-leading order QCD fit to F£D [5] from reference [3]. 
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â"^z = 4na v2 4- a 2 

â"^w = 

3 4 sin 2 8w cos2 8w 

3 4sin 20w v w ' 

where the (v/ ,a /) couplings are, for different fermion types, 

e" ( - i + 2 s i n 2 ^ , - | ) 

U ^2 _ 3 S m w,2> 

(b) For the production of a pair of heavy quarks of mass M: 

£qq-+QQ 

T99^QQ 

2 W < 2 + ' > 

- ( p 2 + 16p + 16)log 
192M 2 I/? 

where p = 4 M 2 / i , /? = ^/l — p. 
(c) Two important Higgs production mechanisms are 

1 - /3 
28 - 31p], 

^9^H _ a a 2 M £ 
576 sin 2 0WM^ 

where I(x) is a dimensionless function given by 

I(x) = 3x[2 + (4x - l)F(x)] 

j ( m 2 t 

Ml. 

F(x) = 0 ( 1 - 4 * ) -

and 
fiqq->-+WH = 

1 / i + v T 3 " ^ • 
l 0 g l l-Vl-4j " ** 

•KO. 2p p 2 + 3M^ 

(21) 

(22) 

(23) 

(24) 

^ ( 4 x - l ) 2 [ s i n - 1 ( l / 2 v / ï ) j 2 , 

(25) 

\k(s,M^,M2

H) 

3 6 s i n 4 ^ v / J ( s - M & ) 2 ' P

 2VS V ' 
(d) The inclusive jet cross section in hadronic collisions is given, to leading order, 

by 

Ej^— = Y] I dxadxb fa/A(xa,Q
2)fb/B(zb,Q2) 

d3PJ a,b,c,d^,gJ° 

• * ( ' + * + * ) l e ^ P i r 

16—>cd 12 (27) 
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Figure 4: The jet inclusive cross in next-to-leading order QCD, from reference [10]. 

with s, î, û the Mandelstam invariants for the subprocess, and the bar on the 
scattering amplitude denotes a spin and colour sum/average. Note that this result 
corresponds to massless quarks and gluons and that no distinction is made between 
quark and gluon je ts . A complete list of all the 2 —• 2 scattering matr ix elements 
is given in Appendix B. 

The next-to-leading order QCD corrections to all the above processes (a) - (d) 
have been calculated [6,7,8,9,10]. Where da ta are available, the agreement between 
theory and experiment is excellent. As an example, Fig.4 shows a comparison of 
da ta from the C D F collaboration on the inclusive jet cross section in pp collisions 
at A/S = 1800 GeV with the NLO predictions from S.D. Ellis et al. [10]. 
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7 Q C D in High Energy e+e Collisions 

7.1 The Total Hadronic Cross Section 
The total hadronic cross section is obtained from the cross section for e+e~ anni
hilation into quark and gluon final states. Thus, ignoring weak effects and treating 
all quarks as massless, 

ATva2 

<Ttot = — — - " ) 
OS 

R = KQcD3j2el 

KQCD = 1 + £ C » ( — )". (28) 

The coefficients C\, Ci and Cz have been calculated - they are (in the MS scheme 
with the renormalization scale choice /x = y/s): 

S : (!«3)-^ + (f-nc(3)) 
~ 1.986 - 0 . 1 1 5 n , 

/87029 1 1 0 3 A / o . 275 w A 

Z7847 262 ^ / o X 25„ , A 

/151 1 9 . / o X \ 2 

- ^ ( 3 3 - 2 n ^ + V ( | - | c ( 3 ) ) 

~ -6 .637 - 1.20071/ - 0.005nJ - 1.240r7, (29) 

where r) = ( £ / Qf)2/3Y,f Q2f The result for C 3 is taken from reference [11]. Apart 
from the 77 term, the result for the QCD corrections K is the same for the rat io 
of hadronic to leptonic Z decay widths: Rz = Th/T^ In practice, quark masses 
(particularly raj, and mt) have a non-negligible effect [12] and must be taken into 
account in precision fits to da ta [13]. 

Through O(a^) the n dependence is restored by the replacements: 

a , - » a3(fj,2) 
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Figure 5: The effect of higher order QCD corrections to Rz, as a function of the 
renormalization scale ft. 

C 2 

C3 

C 2 - c A o g 4 4 nl 

^ + C > ( T ) 2 ^ ^ - ( C 4 + C 4 ) 1 O V - <3°» 
where 0o and /?i are denned in Section 3. The all-orders prediction is independent of 
the renormalization scheme (equivalently, independent of \x in the MS convention). 
Truncated series such as the one above art dependent on /x, but this dependence 
becomes weaker the more terms are included in the series. This is illustrated in 
Fig.5, which shows KQCD = 1 + S for Rz as a function of //, as the higher order 
terms are added in. 

7.2 T h r e e J e t Cross Sect ion in e+e~ Annih i la t ion 
Consider the next-to-leading process e + e ~ —*• qqg. Define ar1 } x2 and x 3 to be the 
energy, in the e+e~ centre-of-mass frame, of the final state quark, antiquark and 
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gluon respectively, normalized to the beam energy, i.e. x, = 2J5,/- v/7, ^ x , = 2. 
The differential cross section is then 

1 d2c 2aa xl + xj 
<T dX\dx2 37T (1 — Xi)(l — X2)' 

(31) 

For scalar gluons, x\ + x\ is replaced by £3/2. 

A three-jet fraction can be defined by requiring that Sij = (1 — Xk)s > y s 

( JADE algorithm [14]) and integrating the above differential distribution over the 
appropriate region gives 

My) = ^ [ ( 3 - ^ ) i o s ( ^ ) + 2 ^ ( ^ + 1 

- ^ - ^ ( ï - y - T - (32) 

The next-to-leading order corrections to fe have been calculated [15]. Because the 
hadronization corrections to fy are small, the three-jet rate provides one of the most 
precise measurements of a, at LEP. A typical fit is shown in Fig.6 [13]. 

8 Heavy Quarkonium Decays 

For the decay widths of 3Si QQ quarkonium states, if rag ^> A then the short- and 
long-distance effects can be factorized, with the former calculable in perturbat ive 
QCD. For the T [16], 

p^V~ _ 

•£199 — 

-£999 = 

4TT 1V>(0)|2 

9 ml 

3 2 ( 7 r 2 - 9 ) | ^ ( 0 ) p 

16 as 

1--— + ... 
3 7T 

81 aa: 
ml 

40(7T2 - 9) 1V>(0)12

 3 

,2 a * 81 mi 

7.4-^- + ... 

, 9 ^ + ...], (33) 

in the MS scheme with n = mj,. 
The dependence on the wave function can be eliminated by forming ratios: 

£999 10(TT2 - 9) oft») 
9TT 

m b \ . a s ( / i 2 ) ^ f l + (0.4-12.5logp))^^ + .J 

Ar = 
£199 

Y999 
4 

5 

mb\ as(ft
2) ^ [ i + (-2, + 4 , l o g Ç ) ) ^ + (34) 
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Figure 6: QCD fits to the jet rates at LEP as measured by the L3 collaboration, 
from reference [13]. 
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In principle, Ry provides a relatively clean measurement of as. In practice, there 
are non-negligible corrections from the photon acceptance and from non-relativistic 
effects. A more complete discussion can be found in reference [17]. 

A Cross-Section Formula 

For a general 2 —• n scattering process a + b —» c\ + ... + c n the cross section is 

(Jab^cl...cn = _L f rf$n I M 0 6 ^ 1 - 6 » ^ (35) 

where (i) F is the /ïîti factor 

F - 2\^{s,m2

a,m
2

b)\(x,y,z) = x2 + y2 + z2 - 2xy - 2yz - 2zx, (36) 

(ii) <i$ n is the Lorentz-invariant phase space volume element 

<**-=n (0J
C:F {2^r^\Pa+pb - $>,.), < 37) 

i=\ \ Z 7 r ) ^ d , = 1 

(iii) JR specifies the allowed region of phase space integration, including where ap
propriate cuts on the final state momenta , and (iv) \M C l " C n | 2 j s fae S p j n ( a n c j 
colour where appropriate) summed/averaged matr ix element squared for the process 

a + b —• Ci + ... + c n . 

B Par ton Scattering Amplitudes 

The following scattering amplitudes squared have been summed and averaged over 
final and initial state spins and colours. Not included are the overall coupling 
constants , g*, g2e2 and e* according to the number of strong and electromagnetic 
vertices. 

4s2 + u2 

qq -> QQ 

qq- >qq 

qq^ Q'Q' 

qq- >QQ 

9 t2 

Afs2 + u2 

9 
4t2 + u2 

(s2 + u2 s2 + t 2 \ 8 s2 

V 72 + u2 ) ~ 27ut 

9 s2 

4fs2 + u2 t2 + u2\ 8 u2 

9 V t2 + ~ s 2 / 27^7 
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qq-* 99 

gg^qq 

qg^ qg 

gg-+ gg 

qq-^19 

99-* iq 

qq-* 77 

qq-^QQ 

32 u2 + t2 8u2 + t2 

27 ut 3 s2 

lu2 + t2 3u2 + t2 

6 ut 
u2 + s2 

8 s 2 

4u2 + s2 

9 US 
us st\ 

t2 

9 / ut 
a( 3"? 
8t2 + u2 

8 s 2 

4u2 + s2 

9 US 
us st\ 

9 ut 
ls2 + t2 

3 -st 
2u2+t2 

3 ut 
4(M2 -t)2 + (M2-u)2 + 2M2s 
9 s2 

„ - \({M2 -t)(M2 -u)-2M2{M2 + t) 
g9~*QQ A {Kp-ty 

(M 2 - t){M2 -u)- 2M2(M2 + u) 
+ ( M 2 - u)2 

3 ( M 2 - t)(M2 -u) 1 M2(s - 4M2) 
4 s2 24 (M2 -t)(M2 -u) 
3 / ( M 2 - t)(M2 -u) + M2(u - t) 
8V s{M2-t) 

) • (38) 
( M 2 - t)(M2 -u) + M2(t - uy 

s(M2 - u) 
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The search for the fundamental building blocks of mat ter and their interactions is the 
central objective of high energy physics. While the domain of light quark mat ter has 
well been explored in the past decades, heavy flavor physics still poses a large number 
of impor tant problems which will hopefully be solved in the years to come at existing 
and future colliders. 

In the context of the Standard Model [1] three points are outstanding. 

(i) The long awaited discovery of the top quark [2] which completes the fermionic spec
t rum of the Standard Model [SM ], can be expected with certainty in the ongoing 
experiments at the Tevatron or the future proton colliders LHC and SSC [3]. Present 
lower bounds from the Tevatron [4] and high precision measurements of electroweak 
radiative corrections at LEP and in deep inelastic lepton-nucleon scattering [5] bracket 
the t mass between 90 and 220 GeV, with a central value at about mt ~ 140 GeV. e+e~ 
colliders in the 1/2 to 1 TeV c m . energy range will provide a high precision determina
tion of the top quark mass within a fraction of one GeV. Anticipating the development 
of a flavor theory in the future, the demand of such a high accuracy appears meaningful 
as the heavy top quark with a mass of the order of the electroweak symmetry breaking 
scale will play a key rôle among the fermions in this theory. 

(ii) A similarly fundamental problem is the embedding of CV violation in the Stan
dard Model. Being a rationale for the existence of three families [2], CV violation enters 
through the quark mixing in the weak interactions. While the information from the neu
tral K — K complex is nearly exhausted, the experimental investigation of CV violation 
in the b quark sector allows for conclusive tests of the validity of this parametrization. 
Even though the Standard Model does not shed light on the physical origin of the CV 
asymmetry [in the same way as it does not predict the mass spectrum of quarks and lep-
tons], it is nevertheless of utmost importance to prove experimentally tha t CV violation 
enters into the hadron sector through quark mixing. 

(iii) It may be possible to tag b quarks with an efficiency up to ~ 85% and a purity 
up to 99% in jet final states of high energy processes. They may therefore serve as a 
powerful instrument to discriminate quark jets from gluon jets, a necessary step to refine 
the exploration of QCD at short distances [6]. This method facilitates considerably the 
isolation of the three-gluon vertex, the measurement of gluon-jet properties and many 
other applications. 
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Beyond the Standard Model heavy quarks are the fermionic particles closest to the 
magic TeV scale which is likely to be the energy threshold to a more profound theory, 
encompassing the Standard Model and solving some of its enigmatic pat terns . Mixing 
effects of order m j m j / m ^ , too small to be observable in the light quark sector, may 
manifest themselves through flavor-changing neutral current processes between heavy 
quarks [7] and rare heavy-meson decays [8]. 

This report is divided into two parts . In the first section the conclusions will be 
summarized which can be drawn from precision measurements of Z decays into b-
quark pairs, the partial width and the forward-backward asymmetry [9]. The second 
part of this section is devoted to the basic features of CV violation in the Standard 
Model, parametrized by the Cabibbo-Kobayashi-Maskawa quark mixing matr ix, and 
the prospects of measuring CV asymmetries in 6-hadron decays [10]. In the second 
section the properties of top quarks in the Standard Model and beyond will be described, 
followed by a discussion of t production in high energy proton-(ant i )proton [3] and e + e ~ 
colliders. 
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I. b QUARK 

Z DECAYS TO b QUARKS 

A substantial fraction of all Z decay modes are decays into bo t tom quarks. The branch
ing ratio was predicted in the Standard Model to be close to 

BR(Z -> 66) « 15% 

so that approximately 3 x 10 6 bo t tom hadrons are produced in a sample of 10 7 Z 
decays. [A similarly large number of charm decays will occur for a branching ratio of 
BR(Z —> cc) « 12%. For theoretical as well as experimental reasons we will concentrate 
on 6 quarks.] 

Three different t ime steps can be distinguished in the evolution of the final state. The 
decay process Z —• 66 is completed after a t ime of order m ^ 1 ~ 1 0 - 3 fm, including the 

tf <<? £<f**r 
Z b x - - / 

10"3fm 1-10fm -3mm 

most important genuine electroweak vertex corrections. Perturbat ive gluon radiation 
and non-per turbat ive fragmentation proceeds up to a time scale of "Y^QCD ~ 10 fm in 
the lab frame. Given a lifetime of ~ 1 ps the 6-flavored hadrons travel to macroscopic 
distances of order ~{TB ~ 3 m m before they decay weakly. 

The total number of 6 final states is sufficiently large to carry out precision measure
ments in the 6 quark sector [9]. Fundamental aspects of the Standard Model can be 
tested in the heavy quark sector by determining the vector and axial vector electroweak 
charges from cross sections and asymmetries. The accuracy of s in 2 Ï?W which can be 
achieved by measuring the forward-backward asymmetry of 6 jets , is expected to be 
at the level of ± 0.001 and bet ter , and thus competes well with other methods in the 
lepton sector. 

QCD inspired fragmentation models developed to describe the hadronization of 
quarks and gluons in jets, can be scrutinized experimentally [9]. Because heavy quark 
pair creation in the jet evolution is strongly suppressed, the fragmentation of heavy 
quarks provides the most powerful tool to tackle this ra ther involved problem. The 
tagging of heavy quark jets will allow us to isolate clearly gluon jets in 3 - and multi-jet 
final states so tha t their profile and their interactions can be explored. 

The properties of 6 hadrons can be investigated experimentally in great detail [9,11]. 
The high particle energies make feasible the measurement of individual lifetimes in 
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vertex detectors. The mixing parameters in the B4 system can well be determined by 
analyzing the time evolution of the B% — Bd states. The oscillations in the B° — Bs 

system, however, may be so rapid tha t , even though nearly complete mixing can easily 
be established by measuring time—integrated observables, a quanti tat ive measurement 
of the mixing parameter may be difficult. The prospects for establishing CV violation 
in the B system are bleak. Adopting the predictions of the Standard Model, an event 
sample of 10 7 Z ' s planned at LEP falls short by one to two orders of magnitude —yet 
this picture may not be correct, and establishing experimental bounds on CV violating 
effects is of utmost importance. 

1. E L E C T R O W E A K P R O P E R T I E S O F b Q U A R K S 

(a) Production of b quarks 

The Z boson couples to quarks through vector and axial-vector charges with the well-
known strength 

q 

i ITT 7 " [ r « " a ' 7 5 ] 

q 

In the Standard Model these charges are defined as 

v„ = 2 I l L - 4e„ sin 2i? w 

** = 2/f 
T3L 21 = ± 1 for up /down particles 

For many applications the Born approximation provides an excellent representation 
of the partial Z decay width 

TB{Z -» bb) = 
GFm

3

7 n 

8>/27r 

3- /3 2 

vl + fa\ (1) 

The mass dependence which enters through the velocity /3 = Jl — n\ [/x2, = Am\/s\ 
is O(fil) = O ( 1 0 - 2 ) in the axial t e rm for b quarks; in the vector term the correction 
is of order /z£ ~ 1 0 - 4 and thus negligible. Defining the strength of the Z coupling 
to qq by the Fermi fi decay constant Gp and the electroweak mixing angle through 
sin 2 -â\y = 1 — Tnjy/m2^ the bulk of radiative corrections to the width, i. e. the logarithmic 
corrections from the running of OCQEDI

 a r e automatically incorporated. 

QCD corrections to the width T(Z —* qq...) are known for non-zero quark masses 
up to first order and for zero quark masses up to second order in a,. They are different 
for vector and axial-vector couplings not only because masses break chiral invariance 
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but also due to the large mass splitting between bot tom and top quarks. Decomposing 
the width into the vector and the axial-vector part we expand both parts separately in 
the strong coupling constant 

r ( z - # + . . . ) 1 B 

+ ri 

1 + C 1 £) + C ,£)V. . 
1 + *G) + *£) \ . . . (2) 

(i) The first-order coefficients c\ and d\ have been calculated for non-zero quark masses 
[12,13] . The exact expressions can well be approximated by 

C l = 1 + 3nl + • • • 
d1 = l+/ iglog(4/^) + 

(3) 

The coefficient d-y exceeds unity by « +0.17 for b quarks. The potentially large logarithm 
can be absorbed into a redefined running b mass of the Born term [14]. 

(ii) The second-order coefficient c 2 is given in the MS scheme for massless quarks by 

c 2 = 1.985 - 0.115J\Tj? 

However, the coefficient d 2 deviates from c 2 even for massless quarks [15]. This is a 
consequence of the cut triangular diagrams exemplified below. Whereas vector couplings 

* 
<r 

b.t 

do not give a contribution because of C invariance, axial couplings do. This is due to the 
46 final state in the last diagram and the mass difference between the top and the bot tom 
quark in the first two diagrams. The large mass splitting between top and bo t tom breaks 
the symmetry in this weak isodoublet so that up and down contributions do not add 
up to zero any longer. In the MS renormalization scheme one finds for Np = 5 flavors 

c 2 = 1.41 

<22 = 1 .41=F/(m t ) 

f(rnt) is well parametrized by 

+" for q = up /down 
(4) 

f(mt) = 3log Q ^ ) - 1.004 + 0.346 [^£j + 0.211 ( mz 
2rn* 

For top quark masses between 50 and 250 GeV the correction f(rnt) falls from ~ —1 
down to ~ —5. 

QED corrections to the width are tiny, £ r Q E D / r = \^e\ being 0.017% for down 
quarks and 0.068% for up quarks. 
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Genuine electroweak corrections [16]-[18], on the other hand become sizeable if the 
top mass is large. They are also sensitive to the value of the Higgs mass. Two categories 
can be distinguished*. 

(i) The universal electroweak corrections are bui l t -up by loop corrections to the W,Z 
propagators and 7 - Z mixing. They induce a universal shift of the Fermi coupling and 
the electroweak mixing angle 

— ^ y 
q 

GF -+ GF(1 + Ap) (5) 

W Z ^ V Z ~ V ^ " ^ sin2 tiw -> sin2 tiwll + AKSE] 

q Y q 

The leading contributions to the Veltman parameter Ap and to AKSE are due to (tb) 
and (tt) loops, 

A p = 3 v ^ + ... ( 6 ) 

AKSE = cot 2i?yyAp + subleading t and H contributions 

The electroweak mixing angle is related to the electric and weak coupling constants in 
the usual way 

2 2 « . 2 n ira(m2rr) , . 
m*™»"Sm*w=V2GF(l+Ar) ( 7 ) 

with the running electric charge a ( m | ) = 1/128.8 and the genuine electroweak param
eter A? = cot 2 tfwAp + Higgs contribution. 

(ii) Of particular interest are the electroweak vertex corrections for 6-quark final states 
because they involve the exchange of virtual top quarks. These diagrams alter the vector 
and axial-vector charge of b quarks by the same amount 

vf - • Vf + Sb~Ap (8) 

2 
af —> af + 8b-Ap 

7 
with Ap' « Ap + *£ log —j- including important subleading t contributions. 

w 

The universal corrections and the vertex corrections can bo th be summarized into flavor-
dependent shifts of the Fermi coupling and the electroweak mixing angle 

GF -» &P = pfGF pf =1 + Ap- 6b±Ap 

sin 2 •aw —* s m 2 "&w — Kf s m 2 &w « / = 1 + AKSE + Any 

"The on-shell renormalization scheme will be adopted in the following discussion. 
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with 

AKV = 6b-Ap + non-leading t contributions (10) 

Utilizing these effective couplings in the Born expression for the partial width T(Z —> 
bb) in eq.( l ) and the forward-backward asymmetry to be discussed later, all genuine 
electroweak corrections are incorporated in a compact and elegant form. 
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F i g . I . l : The dependence of the partial Z widths on the top and Higgs mass [11]. 

The b partial width of the Z boson including all QCD, QED and genuine electroweak 
corrections may then be summarized as 

T(Z -> bb+ •••) = r ^ G ^ s i n 2 ! ? ^ ) 

+ rS(GJ? /,rin'< /) 

1 + ^ 
4 7T 

Ze\a 

1 + <¥) + 

i + 
4 7T 

OL„ 
1 + d* ( -f I + 

( H ) 

The partial widths without the QED and QCD correction factors are shown in Fig.I . l . 
While the corrections depend in general strongly on the top mass, the universal t depen
dent corrections are canceled almost exactly by the vertex corrections for b final states. 
The dependence on the Higgs mass is weak. 

The experimental results for Z decays to b quarks are collected in Table 1.1. They 
are in good agreement with the expectations of the Standard Model, based on an overall 
fit to s in 2 i?w and the average branching ratio for leptonic b decays, 

r b / r w = o.2i7 
BRi(b) = 0.107 ± 0.005 

The close agreement of the experimental da ta with the predictions of the Standard 
Model allows us to draw interesting physical conclusions. 
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BRi • Tb/Yhad Yb/Thad 

Aleph e,fi 0.0224 ± 0.0019 

Delphi spher. 0.211 ±0.037 
L3 /* 0.0248 ± 0.0014 

Opal V 0.0206 ± 0.0021 

T a b l e 1.1.: Experimental results for Z decays to b quarks [I9j,[89j. 

(i) The weak isospin of the bot tom quark is 

1,(6) = - 1 / 2 

A topless model with 1(b) = 0 would be in gross disagreement with the Z decay width 
to b quarks 

T(bb)tople" (4e 6 sin 2 i ? w ) i 

nbb)SM = (l+4e 6sin 2^) 2

 + l * « ^ 

(ii) The universal electroweak corrections can be eliminated from a combination of Z 
decay observables and the specific b vertex corrections [20] can be isolated in this way: 

_ 3 r M 30 9 r , 
59 Ti 59 a(m2

z)mz

 l ' 
oc 1 + A ^ r 

As shown in Fig.1.2, the SM top contribution to Ay- = —1|^^J- — ••• is negative for 
mt > mz- And so are vertex corrections in the minimal supersymmetric extension of 
the Standard Model. Z mixing with new E(6) type Z' bosons, on the other hand, may 
either lower or raise the vertex correction Ay- relative to the Standard Model. 

(iii) Top pair quantum fluctuations affect the Zbb vertex. The properties of the 
Ztt coupling can thus indirectly be measured. In particular the axial-vector charge 
of top quarks can be stringently constrained from Ap, ThadjTi and T da ta [21]. This 
constraint is particularly interesting as novel (it) pseudoscalar Goldstone type states, 
related to the crucial rôle top pair condensates may play in the Higgs mechanism, could 
alter the axial charge of the top quark. The result of such an analysis is displayed in 
Fig.1.3. 

(b) Forward-backward asymmetry 

The production cross section of quarks in e + e ~ annihilation is a binomial in cos#, 6 
being the polar angle between the momenta of the quark and the electron. On top of 
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Fig .1 .2 : Signature of SUSY effects and a new Z' on the T variable, Ref.[20j. 
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Fig .1 .3 : Values permitted for the deviation of the top axial coupling, Ref.[2lJ. 
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the Z resonance the forward-backward asymmetry of b quarks 

(14) 

amounts to approximately 8% for sin 2 tiw & 0.23. The first factor, 

PL = -2veae/{v\ + a 2 ) 

measures the degree of Z polarization along the e~ axis while the same factor for the b 
quarks describes the analyzing power. 

As a result of the general discussion in the preceding section, the vector charges ve 

and -«i, are defined by their respective effective mixing angles s i n 2 i ^ ^ in eq.(9), thus 
incorporating the genuine electroweak corrections in the asymmetry. 

50 100 150 200 

0ft 

.07 -

.06 -

.05 

50 100 150 200 

Fig .1 .4 : The dependence ofb and c forward-backward asymmetries on the top and Higgs 

masses. 

The FB asymmetry of b quarks is shown in Fig.1.4 as a function of the top quark 
and the Higgs masses. The strong dependence on m* and even on m^ is due to the 
universal electroweak corrections in s i n 2 i ? ^ . The b specific vertex corrections cancel 
almost completely in ApB(b), as evident from the comparison with AFB{C). 

While the QED corrections, mainly 7 bremsstrahlung from the initial e+e~ pair, is 
t reated in the standard way, perturbative gluon radiation requires special care [13,18]. 
If the jet masses are bounded to values below m2- < ym\, the QCD correction in 2-jet 
events 

FB, A""(2- je t ) = Ar»(J>) 1 + kj m (15) 

remains small, Table 1.2. This is intuitively expected as infrared and collinear gluon 
bremsstrahlung leave the fe-quark direction nearly unaffected. 
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T a b l e 1.2.: QCD corrections to forward-backward 
asymmetries of h quarks in 2-jet events. y kA 

0.02 

0.04 

0.08 

-0.20 

-0.23 

-0.39 

Mixing. Forward-backward asymmetries of quarks are extracted by measuring the 
asymmetries of mesons and baryons endowed with, this particular quark flavor. For b 
quarks this is not a one- to-one correspondence due to mixing in the neutral Bd and B° 
systems [22]. Because associate production of bb pairs in the jet development, pertur-
bative as well as non-perturbat ive, can safely be neglected, the hadronic asymmetries 
are related to the asymmetry of the primarily produced b quarks in the following way. 

(i) b tagging through Bu , A&: 

FB, A^(B-,Ab)^AFB(b) (16) 

(ii) b tagging through Bd or Bt: 
These particles mix with their partners Bd B°d and B B° so that the b flavor 
is changed at a rate comparable or much more frequent than the decay rate for Bd 

and Bt, respectively. Denoting the t ime-integrated probability by xq f ° r observing a 
B° particle in a beam of originally produced Bq particles, these parameters have been 
measured [23] for Bd, Xd = 0.17 ±0 .05 , or are bounded strongly by the Standard Model, 
X, > 0.45. Mixing reduces the observed asymmetry so tha t 

FBi A»(Fq) = (1 - 2Xq)A"{b) (17) 

While the impact of Bd mixing is already quite noticeable ~ 35%, the asymmetry in 
the Ba system is almost completely washed out. 

(iii) b tagging through l~: 
Denoting the probability to find a b quark in a b beam by x , a weighted mixture of 
Bd and Bs mixing parameters, this probability is directly measurable in the like-sign 
dilepton rate , 

With x = 0-12 ± 0.05 [24] the ensuing lepton asymmetry 

AFB(l~) = (l-2x) AFB(b) 

is reduced to ~ 76% of the original b quark asymmetry . 

(19) 

The forward-backward asymmetry of 6-quarks is highly sensitive to the precise value 
of the electroweak mixing angle s i n 2 i ? w This follows from the fact tha t the term 

PL(b) = -2vbab/(vl + al) « - 0 . 9 3 
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in the asymmetry is close to its maximum and almost constant so that AFB(b) K 
—-Pi nearly coincides with the degree of the Z polarization and the corresponding LR 
asymmetry. This asymmetry is well known to be strongly dependent on sin 2 &w because 
2veaej(yl + a2) ~ 2(1 — 4 s i n 2 i ? ^ ) falls steeply near sin 2t?ip ~ 1/4. Let us assume, for 
example, tha t b quarks are tagged through the semileptonic decays of B mesons, then 

AFB(l~) = A F B ( 6 ) [ l - 2x] [l - « ^ ] (20) 

For x — 0.12 and K5^ = 0.03 this leads to a sensitivity of 

6sin2dw - 6AFB(l~)/3.8 

with an experimental systematic error of about 6AFB(1~) ^ 0.005 due to flavor tagging, 
determination of the 6-axis etc. Because the error migrating from the mixing parameter 
X to AfB is proportional to the asymmetry itself, its impact is small. Since an error 
of 8 sin 2 éw ~ 0.001 appears to be a reasonable goal, this method competes well with 
other measurements of sin2-dw in the purely leptonic n and r sectors. 

2 . F R A G M E N T A T I O N 

The fragmentation of quarks into hadrons can qualitatively be deduced from QCD, yet a 
rigorous quantitative understanding is still lacking due to its complex nature . The inter
twining of perturbat ive and nonperturbative mechanisms has therefore been formulated 
in algorithmic models. The gross characteristics of hadron (energy) distributions are ad
equately described in the independent jet fragmentation model [25]-[27]. This model is 
based on the minimal assumption that quark-gluon configurations in the femto-universe 
transform into jets , bunches of hadrons with small relative transverse momenta, at large 
distances. Not relying on unproved theoretical assumptions, the model provided a solid 
basis for establishing experimentally the existence of gluon jets. Picturing the basic jet 
structures sufficiently well, the model is too crude though to account properly for the 
small particle flow between the jets. Two different approaches have been pursued which 
refine this picture. Non-perturbat ive strong forces are the driving forces in the string 
picture [28], an approximation to the color flux tube stretched between quarks in QCD. 
Perturbative gluon bremsstrahlung, on the other hand, is considered to be the main 
mechanism for building-up jets in parton shower models [29]. Even though a mixture 
of both elements is responsible for the jet development as a whole, it remains an impor
tant physical problem to explore the dynamical driving mechanism of the jet formation. 
Heavy quarks are the simplest system to study the hadronization mechanism because 
spontaneous heavy quark-pair production is suppressed in the jet evolution. 

Since the non-per turbat ive binding of a heavy quark Q into a hadron (Q'q) is the 
final step after the perturbative radiation of gluons, the fragmentation function 

D(z) = £ ^dsp(j)dMt) (21) 
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is built-up by the convolution of the non-perturbative fragmentation function djfp with 
the perturbative fragmentation function dpr- £ and z are the fractions of energy [in units 
of the initial energy] residing in the quark Q after the early perturbative gluon radiation 
and finally in the Q flavored hadron. The average energy fraction (z) is the product of 
the energy fraction (z)px after gluon radiation and the fraction {z)NP transferred from 
the quark to the hadron non-pert urbatively, 

(z) = (Z)NP(Z)PT (22) 

Both mechanisms are described subsequently in the next two subsections. 

In contrast to light quarks, heavy quark fragmentation is hard because of the inertia 
of heavy quarks. The energy transfer by soft non-perturbative hadronization is small, 
and similarly for perturbative gluon radiation as long as l o g - E / l o g m g ^ l . 

(a) Gluon bremsstrahlung 

Perturbative radiation is described by the non-singlet Altarelli-Parisi equation [30] the 
solution of which may be written as [31] 

/ / / <*>. PT 

32 
3(33 -2Nj) 

^ (23) 

For E = mz/2 in Z decays, the b quark loses about 
20% of its initial energy to perturbative gluon radiation. In next-to-leading order per
turbation theory, the perturbative fragmentation function dpr(z) has a sharp maximum 
[32] just below 1 so that the fragmentation function vanishes at the boundary as a result 
of repeated infrared radiation, Fig.1.5. 

Perturbative gluon radiation alone is insufficient to account for the spectrum of 
b mesons as measured at LEP, (z) = 0.69 ± 0.02 ± 0.03 [33]. Furthermore, with a 
probability of a few percent events without radiation are predicted which require non-
perturbative mechanisms to bridge the color gap between quarks and antiquarks in 
the final state. This is especially evident for heavy quarks where perturbative gluon 
radiation 

J A r 4a, 0 2 d 0 2 , x 

dN° = ^[v+to/srr ( 2 4 ) 

is concentrated on the surface of a cone around the Q direction with half-aperture 
0 C = TTIQ/E [about 6° for b quarks at LEP] while the interior is depleted from gluons. 

(b) Non-perturbative fragmentation 

In contrast to light-quark hadronization the fragmentation of heavy quarks is hard [34]-
[37] because the inertia carried by the heavy quark is retained in the hadron. This can 
most transparently be proved by analyzing the hadronization Q —» (Qq) + q in the 
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Fig.1.5: Shape of the perturbative b fragmentation function 

rest frame of the heavy quark Q. In this frame the left-over l ight-quark q is endowed 
with only a little bit of energy ~ rne

q^ so that , when boosting the particles back to the 
e+e~ c m . frame with the 7 factor 7 = y/l/2mQ, q develops a light quark jet of energy 
Eq ~ fm^f ~ y/s/2mQ x GeV. The average [scaled] energy to the heavy hadron (Qq) 
is therefore expected to be 

(z)NP ~ 1 - 1 GeV/mq (25) 

The ensuing particle distribution is depicted in Fig.1.6. Several forms have been elabo
rated tha t parametrize the shape of the fragmentation functions. 

Peterson et al. form [37] 

The transition amplitude for a fast moving quark Q to fragment into (Qq) + q is 
proportional to the inverse of the energy transfer AE~l. Denoting by z the fraction 

of energy (:=» momentum) retained in the heavy 
meson, it follows that 

Q 

/ : • • • N 

l';'.'l:}} ti-ULit*. ( 0q ) = H 

ïM. 
V y 

A E = yjm\ + P 2 - y/m2

B + {zP)* 

ÛE z 1 — z 
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Fig.1.6: Momentum distribution of the hadrons produced in e + e —»• QQ, viewed in the 
e + e _ center-of-mas s frame; from [34]. 

The parameter €Q is the squared ratio of the effective light to the heavy quark mass 
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Including proper flux/phase space fac
tors and suppressing the distribution 
by a dynamical factor (1 — z) [famil
iar from light-quark fragmentation in 
the parton model], we derive the fol
lowing form of the heavy-quark frag
mentation function 

dNP(z) = 
N 

[i-i-a]' 
(26) 

.2 

Fig.1.7: Peterson et al. form of the heavy 
quark fragmentation function for charm and 
bottom. 

shown in Fig.1.7. The normalization 
factor N is given by A^/e^/ir for small 
e<j. The average scaled energy of the 
heavy meson < z > = 1 — ^/EQ ap
proaches unity at the order of 1/TUQ. 

Even though data is presently insufficient to distinguish between different forms of 
the heavy quark fragmentation functions, it is unambiguously established [38,33] that 
they are hard. From studies of inclusive lepton production employing Monte Carlo 
modelling techniques, the mean fractional energy taken up by the primordial heavy 
hadron, as reconstructed from the generated Monte Carlo four-vectors, i. e. zrec = 
(EH-Pjpi. -, is 0.68 ± 0.04 for charm and 0.835 ± 0.035 for bot tom. The corresponding 

0.0055^o!oo45- Indeed, the ratio ec/tb is of 0 . 0 5 5 ; n i l and e j " 
(E+p)qUark 

values of €Q are eT

e

e 

the order of 10, in agreement with the expectation from the squared mass ratio. An 
independent analysis of the energy spectrum of D*s gives a result for charm which is in 
agreement with the inclusive lepton analysis, < zrec >D'= 0.704 ± 0.032. 
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String form [39]-[4£] 

In string fragmentation two different approaches have been elaborated to solve the 
problem of non-perturbat ive heavy flavor fragmentation. While in one model the 
momentum-space aspects are emphasized [40], the other model, which will be discussed 
in more detail, is based on the space-time properties of the string, leading to a cluster 
picture, yet with sharply peaked mass distributions for heavy-flavor particles [41,42]. 

At large distances the force between heavy quark-antiquark pairs approaches a con

stant 
a- = 1 GeV/fm = (400 MeV) 2 (27) 

çT ^ independent of the distance. This corresponds to a linearly 
rising potential between the quarks, as nicely demonstrated 

Q in lattice QCD simulations [43]. The associated flux tube 
may be approximated by a string [39] with the string tension 

a given by the value (27). The mechanical equation of motion for the quark Q 

d m Q V = - « • (28) 

1 

dt y/l - V2 

is solved by the position vector 

x{i) = ^[EQ- yj{p0 - o-tf + m%] (29) 

and the momentum vector 
p(t) =p0-at (30) 

EQ, po denote the initial value of energy and momentum. The quarks move on hyperbolae 
in the 4-dimensional world, spanning a string 
between the two color sources that sweeps the 
area between the Q and Q branch of the hy
perbolae. 

In analogy to point-particle decays an area 
law is postulated for the breaking of the string 
by spontaneous creation of a l ight-quark pair 
at the position x. The probability of a string 
breaking after an area A has been swept, is 
taken to be 

dPBREAK = \e~XAdA (31) 

A is denned as the area bounded by the world 
lines of the two quarks and a light-like line along which the string break occurs randomly. 
Relating the break coordinates (x, t) to the energy and momentum of the daughter string 
spanned between x and Q 

E = E0 — ax and p = p0 — o~t (32) 
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the invariant area is found to be 

A = f~dt_[UQ)-t+ (33) 

2<r2 

M 2 1 , , / M 2 l \ 

m £ z 

in the high-energy limit. M is the mass of the string piece including Q. £ + = (t ± 
x)/y/2 are the light-cone coordinates and z is the scaled energy E/E0. Elaborating the 
mechanism for finite energies and accounting for repeated breakings of the daughter 
strings, the energy spectrum of the final (Qq) clusters develops a pronounced peak close 
to z < 1, and the cluster masses accumulate at the minimum heavy flavor particle mass. 
The numerical results [42] are shown in Fig.1.8 for charm and bot tom fragmentation 
functions in Z decays. A reasonable parametrization is provided by the simple form 

DQ(z) (1 - «) ' 
z1+bm% 

exp 
bm,Q 

(34) 

HEAVY QUARK 

STRING MODEL 

IÛ 

3D 

2D 

1J0-

FRAGMENTATIOH 

(Bowler /Morr is ) 

BOTTOM 

with b = 0.8 GeV 2 and a « 0.5, the charm/bot tom quark masses identified with the 
masses of the lowest-lying vector meson states. 

This form of the string fragmen
tation function is surprisingly close 
to the Peterson et al. form as can 
be seen by comparing Fig.1.7 and 
Fig.1.8. The spectrum is consider
ably softer than the Lund form as a 
result of a different factor in front 
which shifts the maximum of the 
distribution to lower z values. The 
average z value predicted by this 
space-time motivated string picture 
(z) « 1 — l G e V / m ç coincides with 
Bjorken's conjecture outlined at the 
beginning of this section. This is 
not surprising because in bo th ap
proaches the hadronic interaction 
energy between the heavy and the 
light quark is provided by the en
ergy of the string piece or of the flux 
tube, independently of the nature of 
the quarks as gluonic field sources. 

The string picture of heavy quark fragmentation may therefore be considered as an ap
proximation to (nonperturbative) QCD tha t comes closest to our intuitive expectations. 

The average fr-hadron energy [33] at LEP (zb) = 0.69 ± 0.02 ± 0.03 can adequately 
be understood by the convolution of perturbative with non-perturbat ive fragmentation 
mechanisms. 

CHARM 

Fig.1.8: Heavy quark fragmentation in the 
Bowler-Morris string approach. 
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3 . T A G G I N G b Q U A R K S : Q C D T E S T S 

Many of the QCD tests are refined considerably if gluon jets can be discriminated 
from quark jets. Most obvious is the measurement of gluon jet properties: hadron 
multiplicities, transverse momentum spectra etc. From a variety of other points, two are 
particularly important , shedding new light on the basic couplings in the QCD interaction 
density and the particle distributions in multi-jet events. 

(a) ggg Coupling in 4-jet events 

A key property of QCD is the self-interaction of gluons, a consequence of the non-zero 
color charges of the gauge particles. This self-coupling is a necessary ingredient to over
come the fermionic screening of color sources and to render the quark-gluon interaction 
asymptotically free. A variety of tests for the triple-gluon vertex have been discussed in 
the past , comprising deep-inelastic lepton-nucleon scattering, high-transverse momen
tum jets in hadron-hadron collisions and heavy quarkonium decays. A qualitatively 
new test ground has opened with the huge number of high-energy 4-jet events in Z 
decays. Sufficiently large invariant masses of all jet pairs ensure that these jets truly 
reflect the distribution of quark and gluon quanta in the femto-universe and thus reveal 
the basic couplings of the QCD Lagrangian. 

The triple-gluon coupling affects jet distributions only at the 4-parton level in the 
Born approximation. Several methods have been proposed to isolate the ggg diagram 
[44]-[46]. For this purpose, QCD jet distributions are compared with an abelian gauge 

theory in which only the two last diagrams are present. Endowing quarks with three 
color degrees of freedom and adjusting the quark-gauge boson coupling as a^ = \&QCDI 
the total hadronic e + e " annihilation cross section, the three-jet cross section and all 
three-jet distributions are perfectly well described by such an effective theory. Large 
discrepancies between QCD and this model however occur in 4-jet events. Whereas the 
dominant contribution in QCD is due to the triple gluon diagram and the 4-quark final 
state is highly suppressed, the different color flow in the abelian model rises the qqqq 
contribution to the same level as the qqgA9A bremsstrahl cross section. This induces 
characteristic differences in the 4-jet distributions even if gluon jets are not tagged. Two 
examples in which LEP data are compared with the predictions derived from QCD and 
the abelian theory are displayed in Fig.1.9. 
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The comparison proves that the angular distributions are sensitive to the form of 
the 3-gluon vertex, its Lorentz and color structure. The strength of the coupling has 
been measured by fitting the ratio of the Casimir invariants [49] 

NC/CF = 2.35 ± 0.4 ± 0.4 ± 0.45 

to be compared with the value 9/4 in QCD and 0 in the abelian toy model. 

The direct discrimination of the gluon bremsstrahl diagram from the gluon splitting 
diagram can most convincingly be achieved by tagging quark vs. gluon jets. Besides AI 
techniques [50], b quark tagging provides the most efficient method [6]. 

(i) Gluon alignment [44] 

The alignment of gluons in the splitting process g —• gg forces the two planes, each 
formed by a high-energy jet together with a low-energy jet, to orient preferentially 
parallel, with the low-energy jets pointing into the same hemisphere. Unlike the abelian 
model where the planes tend to be perpendicular to each other. This is demonstrated 
in Fig.I.lOa where non-zero jet resolutions are properly taken into account. 

(ii) NR polar angle [45] 

Virtual helicity-zero gluons of low invariant mass that are radiated from almost back -
to-back high-energy quark-antiquark jets cannot decay into gluon jets at 90° relative 
to the quark axis. Cleverly exploiting the only zero in the spin-one rotation matr ix , 
the range of large polar angles is depleted from low-energy jets in QCD and the jets 
accumulate at small angles. This is just opposite to virtual gluon decays into quark-
antiquark pairs which cannot be emitted along the helicity-zero axis in the massless 
limit of vector theories. Fig.I.lOb. 

(iii) Azimuthal angle x [46] 

Gluons radiated from quarks and antiquarks in e+e~ —> qqg are linearly polarized to a 
high degree in the qqg final state plane. Denoting the cross sections for polarizations in 
and perpendicular to this plane by da\\ and da±, respectively, QCD predicts 

P(xg) = (oVy - aVJ / (aV | | + da±) (35) 

= 2(1 - *,)/(*; + 4) 

where, as usual, x» = 2Ei/y/s are the scaled quark and gluon energies in the laboratory 
frame. The fragmentation of a linearly polarized gluon into daughter partons depends 
on the azimuthal angle x between the final state plane and the polarization vector. The 
asymmetric term is just opposite in sign for g g and q~q decays, 

6 ((l-z + z2V Ï 
Dg^gg(z,x) = - ^ r ^ L + z(l-z)cos2xj (36a) 

* W * , X ) = ̂  {\\z2 + (1 - z?\ ~ *(1 - * ) c o s 2 X } (366) 
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Fig.1.9: Comparison of 4~Jet angular distributions with prediction from QCD and the 
abelian theory. Data are from the Opal [47] and the L3 [48] Collaboration at LEP. 
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Quark jets accumulate perpendicular to the polarization vector with a maximal asym
metry ~[1 — cos2%] for z = \. The asymmetry for gluon jets is less pronounced, 
~ [1 + | c o s 2 x ] even for z — | , so that the angular distribution in QCD is quite dis
tinct from abelian theories. In 4-jet events of e + e ~ annihilation we therefore expect 
the angle between the plane formed by the two gluon jets and the plane formed by the 
high-energy primordial quark-antiquark jets to be distributed nearly isotropically in 
QCD while these planes should be preferentially perpendicular in abelian theories. This 
is borne out by a detailed 4-jet analysis, Fig.I.lOc. 

(b) Particle flow in 3-jet events 

In the string picture of quark-antiquark hadronization [51] the boost exerted on the 
string by the emission of a high-energy gluon, depletes the angu
lar region between the quark and antiquark from particles, while 
accumulating them between the quarks and the gluon. This phe
nomenon [52], however, may also be explained in an alternative 
way as a perturbative color coherence effect [53]. In QED, soft 7 
radiation from a configuration of charged antennae as shown on 
the left, is described by Low's theorem to be 

AL = MBORN x FRAD with "RAD (37) 

where n is the 7 flight direction, 
for n midway between nx and n2. 

Apparently FRAD{TI) vanishes 

This approach, translated to QCD, predicts many fine details of the particle flow in 
multi-jet events. For a given qqg jet configuration, kinematically fixed by tagged heavy 
quarks, the angular distribution of the particle flow between the jets can be written as 
[53] 

dNq*9 1 
— « [gq] + {qq} - — [qq] (38) dn N}> 

where 

ft] a. » j 

ajO,-

ûj = 1 — COS &i 

dij = 1 — COS &ij 

8i - [n,nj] 

ôij — ["i)^j] 

The first two terms in (38) agree with the celebrated string effect while the last negative 
term is the result of interference effects between the radiation from the q, ç and g anten
nae, not accounted for by independent string fragmentation. These interference effects 
enhance the asymmetry of particle yields between quark—gluon and quark-ant iquark 
jets, a consequence of the repulsive force between q and ç in a colour octet state. The 
result can best be illustrated for 3-fold symmetric qqg events (0qq = 6qg = 0gq- = 120"). 
The ratios of the multiplicity flows projected onto the qqg plane in the qg and qq sectors, 
are 

N. 19 

Nq-q 

5 - l/iV c

2 

2 - 4/iV,? 

3.14 with interference 

2.5 without [Nc -> 00] 
(39) 
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Thus with interference this ratio is markedly different from the prediction of non-
interacting strings. [Note tha t in the case of untagged jets the ratio is considerably 
diminished due to the smearing caused by the misidentification of quark and gluon 
jets.] 

4. L I F E T I M E S A N D M I X I N G OF k - F L A V O R H A D R O N S 

The measurement of lifetimes and mixing of hadrons bui l t -up by b quarks is made 
possible by the large t ime dilation factor 7 in high energy machines, leading to flight 
distances of macroscopic size. 

Leoton 

(a) Lifetimes of fe-particles 

Hadrons with b flavor were observed to have a long lifetime [see e.g. [54]] — at LEP: 

n = (1.29 ± 0.06 ± 0.10) x 1 0 ~ 1 2 s 

This is the consequence of the small Kobayashi-Maskawa coupling between b and c 
quarks that neutralizes the large mass mj, in the Fermi decay of the b quark. Because 

the fragmentation of the b quarks to 
mesons and baryons is hard, they have 
a large 7 factor < 8 when they are pro
duced in Z decays. The average flight 
distance is ~ 2 to 3 mm and ~ 250 
/un in the transverse plane, so that 
the particles can well be analyzed in 
high-resolution vertex detectors. Two 
methods are employed to measure the 
lifetimes, (i) Average lifetimes can be 
determined from the impact parame
ter S of the charged lepton in semilep-

tonic decays [BR,i = 10.9 ± 0.8%]. At LEP this parameter is insensitive to the momen
t u m of the decaying particle and directly proportional to T [6 ~ cr]. (ii) Exclusive B 
lifetime measurements can be carried out by reconstructing fully hadronic decays and 
partially semileptonic events. Typical decay chains are summarized in the following two 
tables. Systematic and statistical errors in these methods will be at the level of 10%. 

Interaction Point 

Jet 
Axis 
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Decay Channel ARGUS CLEO TH. # B 

B°d 
- • - D - 7 T + 

D*~ -* if + 7T+ 

0.35 ± 0.18 ± 0.13 0.16 ±0.12 ±0.10 0.15 100 

B°d 
-> -D+7T-

£)"" —+ i iT + 7r - 7r -

0.31 ±0.13 ±0.10 n cn+°- 3 2 + 0 1 1 

U.DU_o.28-0.12 
0.58 550 

5° -+ D"*+ 0.19 ±0.10 ±0.06 n ci+0.17+0.11 
U - O X - 0 . 1 5 - 0 . 0 7 0.37 170 

Bt -* D;7r+ 0.5 30 

B°d 

J * -» Z+Z-

K*° -> iiT+Tr-

0.33 ±0.18 0.06 ± 0.03 0.39 430 

Bi 
J t f -> Z+Z-

0.07 ± 0.04 0.05 ± 0.02 0.39 150 

B° 
jy - • i+i-

0.3 70 

Table 1.3.: The expected number of reconstructed B mesons (hadronic decays) per 10 7 

Z° decays. 

Semileptonic decays #B 

BÎ ~ 
D*°-+ If+ {***) 100% 4,100 

3Î -•+ l+D~ 

D - + (7T0,7) 

50% 
50% 4,100 

Tf. -- l+D7 

100% 1,600 

Table 1.4.: Number of events that can be reconstructed in semileptonic B decays out of 
10 7 Z° decays. 
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Unlike charm, the spectator model is expected to provide a valid approximation of 
fe-particle decays. In this model the lifetime is determined by the 6-quark, irrespec

tive of the other quarks in the hadronic environment. 
As a result, the lifetimes of ^-particles [except Bc, see 

/ U C l_ later] are approximately universal. The model includes 
l ^ I perturbative QCD corrections of the b Fermi decay and 

w / phase space effects due to non-zero quark masses which 
c _ - because being not well defined in the present context 

- ^ - introduce some uncertainties. From 

( T _ 1 ) = Ê^[3-92lVcbl2 + 7 - 5 5 l ^ l 2 ] ( 4°) 
the dominating CKM matrix element can be extracted, 

\Vcb\ = 0.050 ± 0.004 [15% error] (41) 

Note that this matr ix element, though coupling quarks of two neighboring families, is 
of the order of the Cabibbo angle squared. 

Non-spectator diagrams render the lifetimes individually different within a small 
margin. This is illustrated for the most prominent examples [54]: 

B~ = (bu) : destructive interference between vfs, caused by the Pauli 
principle in the spectator diagram, prolonging the lifetime; 
W exchange diagram 6d —*• cu, shortening the lifetime; 
W exchange T>s —• cu, shortening the lifetime; 
W exchange bc —*• ud, shortening the lifetime; but overwhelming 
dd Pauli suppression; 

The differences in the hierarchy 

T ( J Î - ) > T(Ê°.) > r(B°d) > r(Ab) (42) 

have conservatively been estimated to be at a level of 10%. Larger deviations however 
cannot be ruled out with certainty. 

The charmed b meson Bc = (bc) is an exceptional case among the weakly decaying 
6-flavor particles. The rapid c quark decay, leading to a chain 

B c ^ B + K's,n's 

renders the lifetime shorter by a factor 1/3 to 1/4 compared with the universal lifetime. 

« = (bd) 

X = (bs) 
Ab 

= (bud) 
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(b) B — B mixing 

Oscillations between neutral B° , B° particles and antiparticles are induced by higher 
order weak diagrams as shown below. A B° beam at t = 0 develops at time t a B 

component and vice versa [55], 

B°-+g+(t)B° + g_{i)B 

F -> 9-(t)B° + g+(iW (43) 

9±(t)=1-e-^[l±e^e^] 

[CV invariance has been assumed for the mo
ment] . Defining the average width of the long-

and short-lived state by V = \{TL + Ts) , the oscillatory behavior is governed by the 
ratio of the oscillation frequency to the decay frequency, 

A m , , 
* = — (44) 

with A m = mi — ms being the mass difference of the weak eigenstates. The strength 
of the oscillation amplitude is set by 

Ar 
y = — 

with A r = VL — TS- The particle/antiparticle components can be detected by recording, 
for example, the lepton charges in semileptonic B° —> l+ and B —> l~ decays; if 
A r / r <C 1 [this applies to B°; B° may require a more general analysis], 

B° -* N[B° -U 1+] ~ e " r t [ l + cos Am*] (45) 

-* N[B~° ± l~] ~ e - r t [ l - cos Ami] 

Integrated over all times, the mixing probability follows from 

x - P{*°^} J±J_ 
X PiBO-tBoy + PlBO^B0} 2 + x 2 - y 2 ^ ; 

1 X2 

« — for Bl and J3° 
2 x 2 + 1 

The oscillation frequency in the Bd system, 

A m ~ \Vtd\2m2

tfld (47) 

is determined by three factors: (i) the KM coupling of t quarks to d quarks [the CKM 
element (tb) is very close to unity]; (ii) the top quark mass which makes the t exchange 
dominating over u, c exchange contributions; and (iii) the quark wave function of the 
meson at the origin, xd has been measured by ARGUS (and CLEO) [23]: 

xd = 0.70 ± 0.13 

367 



The ratio yd on the other hand is expected to be small since the dominant decay channels 
are not self-conjugate. 

The mixing parameter x, can be estimated in the Standard Model by comparing the 
box diagrams for J5° with B% transitions: 

X„ « Xd 
'ta 

V, td 
(48) 

In the Wolfenstein expansion of the Cabibbc—Kobayashi-Maskawa matrix 

1 A \z[p-irj\ 

- A 1 A2 

A 3 [ l - p - i 7 7 ] - A 2 1 

[with A « 0.22 being the Cabibbo angle] the ratio 

Vtd 

(49) 
A 2 [(1 - p ) 2 + T?2] 

is constraint from the b —* u transitions to be larger than 6 and from the kaon CV 
violating parameter to be smaller than l / A 2 . For SU(3) symmetric quark wave functions, 
the Standard Model brackets x, to 

3 < x, < 18 

However, SU(3) symmetry breaking very likely raises ( / B . / Z B , , ) 2 to a value above unity. 
In the non-relativistic quark model, for instance, one finds fsd ~ rn^2 so that heavier 
systems bind more strongly. Oscillations in the B° system will therefore be very rapid. 
This is exemplified in F ig . I . l l . The parameter y, by contrast is not expected to deviate 
much from unity. 

1.0 

0 8 

0 6 

0 4 
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0 0 

• ' • 1 - ! ' ' ' 1 
n° n° Ti0 

b -• U . U 
-\ B° - B° 
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V Bj system 
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\ 
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_ CV 
CV 

t / r 

B, system 

,—,—.—,—,—,-

t / r 

F i g . I . l l : Time evolution for the B% and B° system; from [56], 

Mixing can be demonstrated at LEP by analyzing the time evolution in one jet while 
the 6-flavor of the jet on the opposite side is fixed [56]. These measurements are fairly 
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easy for Bd, but cannot be carried out anymore for B° if xt > 15 because the rapid 
oscillations are averaged to zero as a consequence of limited experimental resolution. A 
variety of t ime-integrated observables can be investigated to measure z , or to establish 
lower bounds at least. 

(i) Like-sign dileptons in two opposite jets are observed with a rate 

Ru 
11 = 2x(l-x) (50) 

where % denotes the average Bd, Bt mixing weighted with the probabilities fd, f, to 
fragment b quarks into these mesons, 

X = fdXd + fsXs (51) 

Inferred from the fragmentation analysis one expects % ^ 0.375%^ + 0.15x,. Assuming 
Xd to be known from low-energy data , Fig.1.12 demonstrates that a lower limit on x» 
can easily be found, yet setting an upper limit may be difficult because the dependence 
of x on X» is weak. 

Fig .1 .12: Constraint on x» assuming that 
X is measured with 10% precision (xd — 
0.12 ± 0.012) for fs = 0.15, fd = 0.38. The 
intersection of the x band with the band cor
responding to a 10% precision measurement 
°f Xd shows the sensitivity of the extracted 
Xs value to the f, fraction. The dotted line 
indicates the values allowed by the standard 
model [55]. 

Present experimental results on x a r e collected in the 
table on the right [19,24]. X 

UAl 

Aleph 

L3 

0.12 ±0.05 

0.132 ±0.026 

0-178 ± °0Z 

(ii) Identifying B° and tagging b. Once x is measured, x* c a n directly be extracted from 
the rat io 

l+B° 
RIB, = - j j * - = X(l - Xs) + X.( l - X) 

This is an attractive method as it does not depend on the external parameter / , . 
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Combining all methods, the number of Z decays necessary 
to measure the mixing parameter xa below a given value is 
shown in the table on the right [11]. If x, were in the range 
above 5 it would need the high-luminosity option to determine 
this quant i ty at LEP. 

While the observation of B% — Bd oscillations by ARGUS gave the first indication 
of a very heavy top quark in the past , these measurements will serve in the future to 
determine the CKMmatrix elements V^ and Vu. Wi th the mass parameter mt measured 
experimentally, two cases can be realized. If the presently unknown decay constant / e d 

could be calculated reliably or measured in B —* TVT decays, the mixing parameter 
Xd determines the CKM element \Vtd\. If / B cannot be determined reliably, this CKM 
element must be extracted from the ratio xtjxd which depends less strongly on the 
mesonic wave functions. Since |V t, | is essentially given by the square of the Cabibbo 
angle, the CKM matr ix element \Vtd\ can be deduced from the comparison of B\ and 
B° mixing data . 

< 5 5 x 10 6 

< 10 13 x 10' 

< 15 55 x 10' 
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CV VIOLATION 

The symmetry properties of the equations of motion tinder the parity V, time rever
sal T and particle-antiparticle charge conjugation C transformations are fundamental 
characteristics of the interactions of particles. While it was experimentally proved quite 
early that the weak interactions are not invariant under V and C transformations, it 
was discovered only later that also the combined symmetry CV is violated in neutral 
K decays [57]. Together with CV also time reversal invariance is violated in K decays 
whereas no violation of the CPTsymmetry has been observed so far. [The experimental 
analysis is based on the unitarity of the theory.] 

The symmetry transformations CV, T and CVT are defined in the following way : 

CV transform. : \a(p,X) > —• |â(— p, — A) > 

CV symmetry : < / ( £ , A2) . . . \i(pu \i)... > = < / ( - p 2 , - A 2 ) . . . \1(-p\,-Xi) ... > 

T transform. : |a(p,A) > —»• |a(—p, A) > 

Tsymmetry : < / ( £ , A2) . . . \i(p\y\i) . . . > = < i(-Pi,Xi) . . . | / ( - ? 2 , A 2 ) . . . > 

CVT transform.: |a(p,A) > - • |â(p,-A) > 

CVT symmetry : < / ( ^ , A 2 ) . . . \i{p\,Xi) . . . > = < t(pl,-X1)... | / ( ^ , - A 2 ) . . . > 

p denotes the 3-momentum of the particles/antiparticles and A = sp/\p\ their helicity, 
the projection of the spin onto the momentum axis. In accord with the intuitive pic
ture, initial and final states are interchanged by time reversal transformations. [This 
interchange is dispensable for weak decay amplitudes after the phase factors due to the 
final state interactions of the decay products are factored out.] 

CVT invariance of the particle interactions follows from rather general principles 
[58]. Any local field theory which is unitary and incorporates the usual spin-statistics 
assignments [integer spin —• boson; half-integer spin —• fermion], is automatically CVT 
symmetric. Experimental consequences of the CVT invariance are the equality of par
ticle and anti-particle masses as well as their total lifetimes: 

CVT : m(a) — m(â) 

T(O) = T(Ô) 

The equality of particle and anti-particle masses has been checked in the neutral K 
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system to a very high precision [59] 

< 4 x 1 0 " 1 8 

K° 
Since CVT is a good symmetry of the weak interactions, the CV and the T symmetry 
are violated at the same time. 

CV violation has been observed so far only in nonleptonic pionic and semileptonic 
charged current decays of the neutral kaons. Were the weak interactions invariant under 
CV, the long-lived KL were a CV = — eigenstate tha t could decay only into 3TT. The 
observation of TTTT decays of this particle proves experimentally that CV cannot be a good 
symmetry of the weak interactions. Either KL is not a CV = — symmetric eigenstate, 
or the symmetry is violated in the decay process, or both . A new channel, in which CV 
violation may be observable in forthcoming experiments, are neutral current decays of 
long-lived kaons to neutral pions plus a pair of charged leptons. 

The violation of T invariance can be searched for directly in non-zero measurements 
of electric dipole moments of spin 1/2 particles. The Hamiltonian ~ deaE for the 
electric dipole interaction with the electric field is odd under t ime reversal [<r—* — a and 
E—• + E]. The most stringent bounds on de have been set for electrons and neutrons. 
No non-zero value has been observed yet. T violation will also be searched for directly 
in neutral K decays in the near future. The breaking of microscopic reversibility if 
prob{iT —* K} ^ prob{-fiT —* K} signals T violation. These transitions can be studied 
if the strange quarks are tagged in low-multiplicity pp annihilation. 

A breakthrough in the physical understanding of CV violation can be expected from 
the experimental analysis oiCV violation in the 6-quark sector [60]. Since the branching 
ratios are small for B decays suitable to study CV effects, large event samples of order 
10 8 to 10 9 B particles must be collected. If this problem can be mastered in the future, 
either in dedicated e + e ~ colliders or in high energy pp colliders, new light can be shed 
on CV violation - a most important problem of particle physics. 

The physical origin of CV and T violation has not been isolated yet. Nevertheless, 
many mechanisms have been studied which could lead or contribute to the observed 
violation of these symmetries [10]. 

In the Standard Model two mechanisms are possible sources of CV and T violation, 
(i) A [non-trivial] complex phase in the Cabbibo-Kobayashi-Maskawa quark mixing 
matr ix parametrizes the breaking of these symmetries in the weak sector [2] of the 
Glashow-Salam-Weinberg theory [1]. (ii) Non-perturbative effects in the gluon sector of 
the strong interactions can generate a contribution to the effective Hamiltonian of the 
color-electric and color-magnetic fields ~ 6 YLcoi ECBC t ha t is odd under CV transforma-
tions [Ec—> + Ee, Bc—> — Bc\. The strength 6 of the energy density must be very small 
in order to be compatible with experimental bounds - a yet unsolved problem of the 
Standard Model [61]. 

Beyond the minimal Standard Model a plethora of novel mechanisms could be 
sources of CV symmetry violation. Among them, CV violation in extended Higgs sys-
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terns, in a possible right-handed gauge sector or in the supersymmetric extension of 
the Standard Model. Comprehensive discussions of these alternatives can be found in 
Ref.[10]. 

2. CV VIOLATION IN THE STANDARD MODEL 

(a) Quark mixing 

Non-zero particle masses are created in the Standard Model by the interaction of the 
particles with the background Higgs field in the ground state. Since left-handed quarks 
are isodoublets and right-handed quarks isosinglets, 

V 
D' D' 

Ui = u,c,t 
Di = d, s,b 

the STJ(2) x U{\) invariant quark-Higgs doublet Ukawa interaction 

CY = 9ij {ÛiL,DiLJ <P\D'jR + ... 

generates, in the ground state <pi = (0,v/y/2), the effective mass term 

Cm=Û,MuU' + 'DMDD' 

After the diagonalization of the mass matrices 

U =VVU V^MuVu = 
rriu 

mc 

mt 

[and equivalently for down quarks] the weak charged current 

tf = ^ 7 * ( 1 - 7 5 ) 1 / 

= F 7 p ( l - 7 5 ) V D (52) 

couples the up and down quarks of the three families by the Cabibbo-Kobayashi-
Maskawa quark mixing matrix 

V = 

'ltd * u * v^ 
' cd 'ct vA 

Vtd Vu va 

(53) 

By construction, the CKM matrix V = Vv V& is unitary. 
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Introducing the CV violation [T violation] into the weak sector through the CKM 
matrix, the matr ix must necessarily be [non-trivially] complex. Suppressing the vector 
notation of currents and fields, the charged current weak interaction density 

is mapped into 

Ccc = -^WùiVijdj + -fLwijVtui 

£™ = ^ W d ^ U i + ^W*UiV^ 
by the CV transformation. The breaking of the CV symmetry requires 

XV ÏC cc 

so tha t 

must be fulfilled as a necessary condition. This condition is also sufficient [for non-
degenerate quark masses] if the matr ix is non-trivially complex. The unitary N x N 
matrix V consists of N2 real numbers for N families. However, (2JV — 1) phases are 
irrelevant since (2N — 1) relative phases between the 2JV up and down quark fields can 
be chosen arbitrarily. This leaves us with (N — l ) 2 independent parameters which are 
associated with \N(N — 1) rotations in JV dimensions plus |(JV — 1)(JV — 2) non-trivial 
phase factors. 

Families Parameters Rotations Phases 

JV (JV - l ) 2 \N(N - 1) \(N - 1)(JV - 2) 

1 

2 

3 

0 

1 

4 

0 

1 

3 

0 

0 

1 

As demonstrated in the table, at least 3 families are needed to incorporate CV 
violation into the weak sector of the Standard Model with left-handed charged currents 
[2]. The 2-family Cabibbo matrix, on the other hand, is a real 2 x 2 rotation matrix, 
characterized by one rotation angle, and cannot accomodate CV violation. 

Since the relative quark phases may be chosen arbitrarily, the CKM matr ix can be 
parametrized in many different ways. Two paxametrizations have proved particularly 
useful. 

1.) The first parametrization [62] 

V = 

C12C13 S12C13 « 1 3 e -»*13 

— * 1 2 c 2 3 — C i 2 S 2 3 « 1 3 ^ " C i 2 C 2 3 — 3i2^23^1Z^' 1 3 •823^13 

S12S23 _ c 12C23^13e**" - C i 2 « 2 3 ~ S12C23SlZ^Sl3 C23C13 

(54) 
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follows from subsequent rotations in the (12), (13) and (23) planes, V = R23R13R12. In 
this parametrization the (13) rotation is chosen complex 

R 1 3 = 0 1 0 

— «13 ° C 13 

C 1 3 = COS1?i3 

s13 = s i n ï ? 1 3 e " W l î 

while Ru and .R23 are the conventional orthogonal rotation matrices. All angles may be 
defined such that Cij,Sij > 0 and 5 i 3 G [0,27r). The complexificatipn may be associated 
with any plane (ij). 

2.) The Wolfenstein parametrization [63] 

1 - |A 2 A AX3 (p - irj) A = 0.22 

-X 1 - \X2 AX2 A = 1.0 ± .2 (55) 

AX3 (I-p-in) -AX2 1 P,V= O ( l ) 

is an expansion in the Cabibbo angle A = sint?c. The mixing matr ix of the first two 
families is the conventional Cabibbo matrix. This parametrization makes use of the 
long lifetime of b quarks which suppresses V^, ~ A 2, so that the coupling of the various 
families is of order 

1 A A3 

A 1 A2 

A 3 A2 1 

In this expansion the phase is associated solely with the charged current involving the 
heavy bot tom and top quarks. The corresponding matr ix elements are suppressed to 
order A3 so that the CV violation is parametrized as a small effect in a natural way. 
[To generate a CV violating effect, quarks of all three families must nevertheless act 
coherently at the same t ime because CV violation could be rotated away otherwise.] 

To have truly CV violation in the weak interactions, all Cij,Sij ^ 0 and sin£ ^ 0. 
This is obvious as e.g. 613 = 0 would eliminate the phase factor. In addition, all up 
and down quark masses must be different from each other. Were e.g. m1 = m3, the 
rotation (13) were ineffective and could be eliminated. All these requirements can be 
summarized in a most elegant form by the Jarlskog condition [64] on the mass matrices, 

det i [MUy MD] = -2JFF' ^ 0 (56) 

where the mass factors F, F and the Jarlskog determinant J are given by 

F = (mt — mc) (mt — mu) (mc — m u ) 

F = (mb - mt) (mi, — "i<i) (mt - m^) 

J = Xm [̂ 11̂ 22̂ 1*2̂ 2*1] o r a n y other i x j combination 

= C12 c 1 3 c 2 3 s12 5 1 3 5 2 3 sin £ 1 3 
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The moduli of the CKM matrix elements involving all quarks except t can be derived 
from particle decays and deep inelastic neutrino-nucléon scattering [65,66]. The results 
of a recent analysis [66] are summarized in the Table 1.5. The partial widths of heavy 

CKM element observable quark level 

|V«i| = 0.9744 ± 0.0010 

|K, | = 0.2205 ± 0.0018 

nuclear f3 decay 

Ki3 decays 
hyperon decays 

s—* u + e~ve 

IKdl = 0.204 ±0.017 

\Vc\ = 1.02 ±0.18 

charm production in 
UpAf scattering 

D-* Kl+ui decay 

v,j. + <£-> fi~ + c 

c—> s + l+ui 

\VA\ =0.044 ±0.009 

\V&\ = 0.005 ±0.003 
7^0 

B—• Dl~ï>i decay 

2?—* Xl~ï>i decays 
m(X) <m(D) 

b—> c + l~v\ 

b—• u + l~v\ 

Tab le.1.5. Measured moduli of CKM matrix elements; from [66J. 

quark decays must be extracted from life-time measurements combined with measure
ments of branching ratios, T = BR/ r . Mj 3 decays M—• m + lui involve form factors 
r = |V | 2 / 2 ( ç 2 ) + . . . which must be analyzed in quark models before the CKM ma
trix elements can be extracted. It is important to note that the (ub) coupling |V^,| is 
non-zero since CV violation could not be incorporated in the Standard Model otherwise 
[.9x3 = 0]. The experimental proof follows from the observation of the event [67] 

Quite often the ratio of the (ub) and (cb) couplings is introduced as an auxiliary quantity 
q = \Vr*\/\Vd,\ = 0.11 ± 0.05. 

The last row of the CKM matrix Vtj involving the top quark cannot be measured 
yet directly in t decays. However, unitarity V + V = 1 determines these elements in the 
strict 3-family Standard Model, leading to the constraints 

E V^Vmi = 1 and £ V^m5 = 0 [t # j] 
m = l ni 
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Under this assumption, which is certainly valid to a high degree of accuracy, the moduli 
of the CKM elements are given by 

|V| = 

0.9751 ± 0.0002 0.2205 ± 0.0018 0.005 ± 0.003 

0.204 ± 0 . 0 1 7 0.978 ± 0 . 0 0 4 0.044 ± 0.009 

0.011 ± 0.009 0.044 ± 0.010 0.9990 ± 0.0004 

(57) 

From this representation the real rotation angles [though not the phase] can be derived, 

s12 = 0.2205 ± 0.0018 = A Cabibbo angle 

s23 = 0.044 ± 0.009 ~ A2 

s13 = [0.11 ± 0.05]5 2 3 = 0.005 ± 0.003 ~ A3 

The Wolfenstein expansion in A is corroborated by this detailed analysis. Note the 
amusing fact that the CKM element |Vt&| involving the yet to be discovered t quark, is 
the second best known number; the (ub) coupling is still badly determined. 

Other constraints on CKM matr ix elements follow from mixing phenomena in the 
Bd oscillation fre-

B a 
Î 

B - B sector. The B 
quency 

depends on the well-known box function [68] 

'*^-\f$ 1 + 
2ylog y 
l - y 2 

[subject to mild QCD corrections], but unfortunately also on the presently unknown 
top mass and the ill-determined (bd) wave function. Adopting the value / g d = 150 ± 50 
MeV [being however on the low side in regard of recent lattice calculations as well as 
sum rule analyses], the experimental value for x^/i), leads to a circle centered at p = 1 
in the (p,r}) plane of the Wolfenstein parameters, Fig.1.13, 

| t k | ~ A 8 | l - p - M 7 | 

The top mass drops out from the rat io ««j/x, which depends only on the rat io JBJSB, 
of the (bd) and (bs) wave functions. Since \Vt,\ ~ A 2, the circle in the (p,rj) plane could 
theoretically be bet ter determined from a combined analysis of Bt and Bd oscillations. 

The second circle, centered at p = 0 in Fig.1.13, shows the constraints on (p, 77) 
derived from the measurement of charmless B decays 

q = I W K f c l = kis/«23| 
= A \p - ir]\ 
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m i = 80 GeV m, = 120 GeV 

n 

m, = 160 GeV m , = 200 GeV 

0 -

-1 

I | IV f. -— i • i i / i i 
*̂ "*̂  ̂  

s / - ^"J 

y S y / S 

/ / / / / .S \ / / -LS / / 
• 

J* " « 1 -! JÊÊÊ^'S N "~~h^ -! JÊÊÊ^'S N ^^^^^^^^^^^^^^^B. • / s 

' ^W • • ' ^^P^V - y N LjÇf-f i W-m->/ \ 
1 _ 

. i i i 
i 

i i i i 1 

0 
p 

0 1 
p 

Fig.I.lS.Domains to which the Wolfenstein parameters (p,rj) are restricted by Bj. os
cillations [circles centered at p = 1], charmless b decays [circles centered at p = 0/ and 
the CV violation admixture parameters e (K) in the neutral kaon system [66]. 

The form factors in the semileptonic decays are theoretically difficult to calculate and 
induce still major uncertainties in q. The leptonic decay T(B~^ r~i>T) ~ / ! lKfc | 2 is 
rare but could help in the future to eliminate one of the unknowns in the analysis of 
the mixing parameters. 

[So far only CV conserving observables have been utilized; still more constraints on 
the CKM matr ix elements follow from the CV violating parameters in the kaon sector 
that will be discussed in the next section.] 

(b) The unitari ty triangle 

Unitarity constrains the CKM matr ix elements very strongly. The condition V f V = 
V V* = 1, evaluated for off-diagonal elements, correspond to the six complex relations 
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Z^r miVmi = 0 and £ V*mVim = 0 [i* j] 
m = l m = l 

These nuU equations can be interpreted as closed triangles in the complex plane [69]. 
The triangles are of equal area ^ 0 and do not degenerate to a line if CV is violated. 
As a result of possible phase reparametrizations, the locus of the triangles is not fixed, 
yet they leave the triangles form-invariant. 

A particularly interesting triangle corresponds to the choice i = b and j = d, i.e. 
V* Vud + V^Vcd + VtlVtd = 0- I Q t h i s relation the fact that Tfa « Vtb « 1 can be exploited 
to derive the simple form 

vi + vtd = \vcdveb\ (58) 

Note that VcdVcb is approximately real but negative. This triangle and the corresponding 
rescaled version in the (p,v) plane with the basis line renormalized to unity, are shown 
in the figures below. 

Wi th 7] necessarily ^ 0, the area 
A of the triangles measures the strength 

of CV violation, or equivalently the 
height 77 of the triangle. Since the 
moduli of all sides of the triangle can 
be measured in CV conserving pro
cesses, the CV violating amplitudes 
can be predicted since the sides de
termine the form of the triangle com
pletely [the orientation is fixed by the 
sign of J]. In addition, the vec
tor sum of the sides must add up to 
zero. This is a stringent test of the 
CKM parametrization of CV viola
tion. If, for instance, sizeable contri
butions to the weak amplitudes would 
come from effects beyond the 3-family 
Standard Model the CKM matr ix el

ements would not have been extracted correctly and, as a result, the triangles would 
effectively not close any more. [In such a case the unitari ty relation of the diagonal 
1 _ V 3 , V*-V„;(i = 1,2,3) would not be fulfilled either.] 

If the form of the triangle is fixed, all three angles in the corners are determined. 
It will be shown later that these angles, non-trivial ^ 0 or TT if CV is violated, can be 
measured directly in CV violating B decays. B decays thus provide stringent tests of 
the CKM formulation of CV violation in the Standard Model. 

A=(p,Tl) 

C=(0,0) 
B=(1,0) 
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3. CV VIOLATION IN THE NEUTRAL K, K SYSTEM 

The time evolution of the coupled if, K system is described by the Schrodinger equation 

a \K] \K] = H dt [K\ [K\ 

The effective Hamiltonian can be split into a mass and a decay matrix, H — M — | I \ If 
CVT invariance holds, transforming K into K and vice versa, the off-diagonal elements 
are related such that 

H = m - \ r Af12 - \ r 1 2 

J W 1 2 2 X 1 2 m K 
(59) 

In a CV invariant world, the off-diagonal elements were equal. The matrix element Hu 

of the Hamiltonian is built-up by K — K oscillations, mediated by box diagrams and 
common decay channels, 

K K 
=0= 

Tt 

n 

Contributions are thus expected from short-distance but also from long-distance phe
nomena. The diagonal elements m , r are the strong interaction K°,K mass and the 
average width of the long and short-lived weak interaction eigenstates. 

The diagonalization of the Hamiltonian matrix leads to the eigenvalues 

i x 
(60) 

with 

Q = MMl2 - i r u ) (M^ - ^r;2) 
From measurements of the lifetimes of the long-lived and short-lived kaons and of the 
K — K oscillation frequencies it follows that TL -C Ts « 2r and m^ — ms « \(Ts — ^L)-
Decay and oscillation frequencies are thus of similar size. 

The eigenstates of H are mixtures of CV = db eigenvectors, 

tf5 = # i + lK2 Kli2 = ^=(KT1C) 

KL = eKi + K2 CV Klt2 = ±K12 

380 



The CV violating admixture parameter e is small, 

XmMX2 - £ImT 1 2 

i (ms - mL) + \ (Ts - TL) 

anticipating that CV violating parameters are O(10 3 ) of CV conserving weak observ
ables. By hypercharge conservation of the strong interactions, the relative phase between 
K° and K is arbitrary so that, for instance, the isospin zero contribution TmAo to 
XmTi2 from -KIT decay states may be defined to vanish. In this Wu-Yang gauge the 
admixture parameter is called e. 

(a) CV violating admixture parameter 

Since K° = (sd) particles decay semileptonically to positively charged leptons, s—• û + 
l+v>i, while K decay to negatively charged leptons, the admixture parameter e[e] can be 
measured by observing the lepton charge asymmetry in long-lived kaon decays, KL ~ 
(1 + ë)K° + (1 - ê)K°, 

= |2 i i = | 2 (L^ /+) - (I-* 1-) | i + ë f - | l - ë 
= 2Tlee (62) 

(L^ 1+) + (£-+ 1-) |i + ê| 2 + | l - ê | 2 

[The asymmetry is gauge invariant.] The experimental analysis 

Tie e = (1.65 ± 0.06) • 10" 3 (63) 

sets the effective scale of CV violating relative to CV conserving interactions in the 
light-quark kaon system to a level of (9(10 - 3 ) . 

In the Wu-Yang gauge, the phase of e is approximately x /4 following from the 
denominator in eq.(61) for J m r 1 2 / X m A f 1 2 <C 1. The admixture parameter can be 
calculated from the top contribution to the box diagram for K — K transitions [70] in 
1m M12, 

kl = ^ - 2 ^ ^ m i F fa/™*) Im WiVu? + • • ' (64) 

~ m 2 3*3 Ç (*i2 — ? cos 8) sin 8 -\ 

Since CV violation in the decay mechanisms of ifî —>• T T are very small, long distance 
K\—• 7T7T—f K2 virtual contributions can be neglected and the short-distance analysis of 
e is adequate. The experimental value, derived from He e and the phase measurement 
as well as from nonleptonic kaon decays discussed in the next subsection, constrains the 
Wolfenstein parameters in the (p,rj) plane as shown in Fig.1.13 by the full curves. As 
can be anticipated, the analysis must restrict 77 or sin 8 to non-zero values. 
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(b) CV violation in K—» irn decays 

CV violation in the decays K—> TTTT is conveniently parametrized by the ratios of CV 
violating and conserving amplitudes 

( T T V I L) (*+*~ 1 L) 
V+- — -—: T~^r and *7oo = (65) 

(TT+TT- I S) , w {7r°7r° | 5) 

After the decomposition of the amplitudes into channels of definite isospin, the ratios 
77+_ and 7]00 can be expressed as 

y/2sA0 + eTleAze^-^ + i J m A j e ^ - * 0 ) 
V+- = 

%o = 

V2A0 + TleAiëV*-**) 

zA0 - iV^ImAie^-^ - ts/îneA^é^-^ 

(66) 

(67) 

S2 and £o are the irir scattering phase shifts. The two relations have been evaluated for 
a CVT invariant theory. Taking into account the AI = 1/2 rule 7ZeA2 <C A0 and the 
fact tha t e is small, eqs.(66,67) can be simplified considerably, 

V+- = e + e 

Voo = e — 2 e 

where e measures the CV violation during the decay process K2—* TC-K 

I i TmAi 
e = 

vl e*(«a-«o) 
V2 A0 

while e accounts for the CV violation in the virtual K — K transitions. With 

(68) 

(69) 

e i i r / 4 I m M , 12 

\/2 "mi, — rris 
and 

eiT'A 1mA-, 

y/2 A 0 

the vectors £, e are nearly collinear in the complex 
plane. 

CV violation in the decay process itself is very small. 
This follows from a comparison of the experimental 
data on e 

\e\ = (2.258 ± 0.018) • 1 0 " 3 

<pe = 43.67 ± 0.13° 
(70) 

with two recent measurements of e' 

Tie— = < 
£ 

( 3 . 3 ± 1 . 1 ) - 1 0 - 3 NA31 (CERN) [71] 

( - 0 . 5 ± 1.5) • l u " 3 E731 (Chicago-Fermilab) [72] 
(71) 

The measurement of this ratio will experimentally be improved in the near future 
by extending the analyses in high energy K beams. A new access will also be provided 
by <p factories [73] in which the time asymmetry between ir+ir~ vs. 7r°7r° decays 
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d d 

e + e - - V -> KSKL -> ( * + * - ) , ( A ^ (72) 

is predicted to be 
A t = 31lee'/e 

The ratio e'/e may eventually be checked experimentally down to an accuracy of « 1 0 - 4 . 

While e = 0 was a prediction of the superweak theory in which the CV violation is 
restricted to AS = 2 K — K transitions, the small ratio of TZe e jt can also be repro

duced in a natural way in the Standard 
_ tii _ Model if the top quark mass is large, 
* - (J see e.g. [74]. The CV violating transi

tion in such an analysis is associated 
V " J "'"* * > TT TT with penguin diagrams in which weak 

s—* d transitions are coupled to the 
spectator d-quark Une by exchanging 
gluons, Z-bosons and photons. After 
adding long-distance corrections to the 
QED amplitude, the results are shown 

in Fig.1.14 [74]. The major part of the amplitude due to gluon exchange is cancelled by 
opposite contributions from Z exchange [77,77 amplitudes and 7 exchange amplitudes 
cancel each other already internally]. Taking account of uncertainties related to QCD 
analyses at these distances, to the evaluation of hadronic matr ix elements etc, one may 
nevertheless conclude that a value of 

e'/e < 1 0 - 3 for mt > lOOGeV (73) 

can naturally be accomodated by the Standard Model, with a tendency to approach 
zero for top masses near 200 GeV. 

(c) CV violation in rare K decays 

A most promising reaction to search for novel CV violation effects are rare decays of 
neutral long-lived kaons [75] 

KL-4 7T° + l+l- (74) 

The decay amplitude consists of three parts in long-lived kaon beams KL = K2 + eK\ : 

(i) K2-+ 7r°77—> ir°l+l~ : CV conserving, but small 

(ii) Ki—+ Tr°jviKT-* ~x°l+l~ : CV conserving 

CV violation through admixture e 

(iii) K2—* n°~fviBT~-* n0l+I~ ' CV violation through penguin mechanism 

While the overall branching ratio is expected to be smaller than 1 0 - 1 1 , all CV conserving 
and CV violating amplitudes are of similar size. This is unlike the two-pion decay mode 
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m t (GeV) 

F i g . I . 1 4 . Prediction of the Standard Model for the CV violation parameter IZee'/e; 
QCD penguin: dot-dashed line, final result after adding the Z penguin and small elec
tromagnetic contributions: full line; from Ref[74j. 

of KL SO tha t a new access to CV violation in these decay processes can be expected if 
the background problems can be brought under proper control. 

(d) T violation in K—» TTTT decays 

Independently of the experimental analysis of T violation in kaon decays that is based 
on the Bell-Steinberger relation [76], a consequence of unitarity, T violation can be 
observed directly in K decays. This test can be performed by tagging strange quarks 
in the CP LEAR experiment [77]. The tagging is possible in low-multiplicity proton-
antiproton annihilation at rest 

pp^ tf+Tr-lr0 

- • K-ir+K° 

1.0 

0.5 

0 

- n t ; 
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By comparing the time evolution of an initial K° beam with a K beam, T violation, 
i.e. the breaking of microscopic reversibility, can be proved experimentally [78] 

prob [K 4 i f} 
\=r-. f = l - 8 ^ e e ^ l (75) 

prob { # 4 K) ' 

As usual, the K/K content of the beams can be monitored by semileptonic charged 
current decays K°^ ir~ + l+ui and K —> ir+ + l~ï>i. 

4. CV VIOLATION IN B DECAYS 

The violation of the CV symmetry has been observed so far only in the kaon complex. 
Finite electric dipole moments of electrons or neutrons may provide direct access to T 
violation in a different system. A wide new area for the study of CV violation however 
will be opened [60] if large numbers of B particles will become available either in high 
energy proton colliders or dedicated B factories. The significance of these experiments 
follows from the prediction that CV violation in a class of B decays can be related 
directly to the CV violating phase in the CKM matrix of the Standard Model [79], the 
nicest example being i?, B-* ^Kg. In these decay channels the CV asymmetries are not 
affected by unknown strong interactions and the angles in the unitarity triangle can be 
measured directly. 

CV asymmetries are expected to be large in B decays, 

. r -r 
r + r 

(76) 

[r being the CV conjugate reaction to T]. The magnitude of the CV odd difference T —T 
must be of the order of the Jarlskog determinant \6rj. While the CV even denominator 
T + T is order A2 for kaons, and the asymmetry A(K) ~ A477 correspondingly small, the 
denominator for B decays is order A4 and less, so that the asymmetry A(B) ~ [A2]7/ is 
large for rare B decays. The price to be paid of course are large samples of B decays in 
order to observe rare decay modes. Sources of CV violation are again the mass matrix 
of the coupled B°, B system as well as the B decay mechanisms themselves. 

(a) CV violation in the B — B mass matrix 

Initial B° or B states at t — 0 evolve with time according to 

* ° - > 9+(t)pB0 + g-(t)qB° 

B° - g.(t)pB0 + g+(t)qB° 
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The coefficients 
g± (<) = i e - ï ' [l ± e*—'] 

describe the propagation in time, (p, q) are the off-diagonal elements of the B — B 
Hamilton! an 

A p2 

H = 
q2 A 

Their ratio is ^ 1 if CP is violated, 

P 1 + £B 

q l - s B \ Mb - | r î 2 

M12 - \ r 1 2 (78) 

The mass matrix element Mi2 is derived in the Standard Model from the usual box 
diagram, the dominant contribution coming from top quark exchange, 

M12^m2(V^Vib)
i (79) 

The decay matrix element Ti 2 , by contrast, is built-up by real hadron final states in
volving light b and c quarks only so that 

r12~m2(vziv%lb + vzvcb)
2 + 

= rn2(V£Vtb)
2 + ... (80) 

Even though estimates of Tu based directly on hadronic final states [80] are somewhat 
larger than the box diagram, the decay matrix element is nevertheless expected to be 
much smaller than the mass matrix element 

T 1 2 < M, 12 (81) 

[in contrast to the K — K system where they are of the same magnitude]. As a result, 
the ratio p/q is essentially a phase, the modulus being very close to unity, 

M, 12 

M; 
phase 

12 (3 2xphase(^y t f c) 

1 + I m 12 

Mi 12 

(82) 

(83) 

CV violation in the mass matrix can, in principle, be measured by comparing the 
number of positively and negatively charged equal-sign dilepton events in 66 beams, 
created either in g g fusion of hadron colliders or Z—* 66 decays. These events are a 
consequence of B—• B and B—*B oscillations, with the flavor of the decaying particles 
tagged by observing semileptonic decays 

gg/Z^y bb^BB + BB + 
5 B + 1-1- + 
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Integrating the oscillations over all times , the probabilities 

2 

prob [S0-* B°} = 

prob {s°-> B0} = 

2(l + x») 
x 

2(1 + * 2 ) 

[x = A r n s / r ] generate the equal-sign dilepton asymmetry 

1+1+ - l-l-
ASL = 1+1+ + l-l-

A 2 - £ 
p 

2 

?r+ £ 
p 

2 (84) 

= I m — - = 4 He CB 
Ml2 

The previous estimates of T 1 2 ~ rn2

B and M 1 2 ~ m* in the Standard Model lead to 

ASL {d) ~ a few x 1 0 - 3 (85) 

for B\ mesons. [The prediction is even smaller for B° mesons.] 

Very large numbers of Z decays would therefore be needed to establish this CV 
violation effect. 10 7 Z decays will give approximately 4,000 dilepton events. Demanding 
a 3<r effect, this sample can limit the asymmetry down to 5%. Hence any observation 
of a non-zero asymmetry would signal a strong and exciting new physics phenomenon. 

(b) CV violation in the mass matr ix and the decay amplitudes: B, B—> / = / ' CV 

B ( •* f 

The CV violation phase of the CKM matrix can be established by studying decays in 
which more than one path leads to the same final CV eigenstate / . If the first pa th 

leads directly to / while the second pa th passes through the 
oscillation from B to B first, the CV violating modulat ion 
of the time evolution is given by the p/q rat io and the ratio 
of the B-* f and f?—• / decay matr ix elements. In a special 
class these decays proceed either uniquely or to a high accu
racy through just one diagram so that - in the same way as 

p/q - also the decay amplitudes are represented by a phase factor, prescribed uniquely 
by the CKM phase. The initial B [or B] particles must be tagged if this method is 
applied. A prominent example are B, B—> ^Ks decays. 

B° 

The time evolution of an initial B or B beam is modulated by CV violating effects 
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in the following way 

1 — sin(Am.B<) Xm I —p J 
V? /. 

1 + sin(A7nBi) Xm I —p J 

(86) 

If the rates are integrated over all t imes, the asymmetry 

~B-B 
B + B 1+x 

•Xm fr) (87) 

projects out the relevant phase coefficient [x = Amg/T]. The parameter p is the ratio 
of the decay amplitudes 

b 

B d 

(f\Bw\B) 
(f\Bw\B) 

(88) 

In a most exciting theoretical observation 
[79] not only p/q was recognized as a phase 
factor, see eq.(82), but also that p is given 
by the CKM phase if the decay proceeds 
through just one diagram. Since the strong 

initial and final state interactions transforming the hadron to the quark level and vice 
versa, are CV invariant, it follows that 

(f\Hw\B) _ (qqc\Hw\b) 
P~ (f\Hw\B) " {qqc\Hw\b) 

(89) 

For the example B,B-+ *&KS above, 

P = 

In summa, all unknown strong interaction effects have dropped out, and the asymmetry 
is solely given by the CKM matrix elements. In the example 

phase [Zpj = 2 x phase(V»V£V e.VZ) (90) 

» 2 x phase (V^) 

This phase however is nothing but the angle /? in the unitary triangle shown in Fig.1.15. 

In the same way the other angles can be measured directly in decay processes like 
Bd-+ 7r+7r~[a] or Bs—* pK,\f\. [However, while the assumption of just one decay ampli
tude appears to be well justified for Bd—* ^K,, other decay processes are much harder 
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to control, and additional penguin mechanisms and soft contributions at the hadron 
level are expected to modify the predictions for the asymmetries [81]]. A sample of 
possible reactions is collected in Table 1.6 below [82]. 

Given the present estimates for the angles in the unitary triangle, it will need between 
10 8 and 10 9 B particle decays to establish CV violation in the b quark sector. 

(c) CV violation in the decay amplitudes 

A classical test of CV violation is the comparison of B—> / with B—> / transitions 
in charged B± decays. This method has the advantage that the B * are self-tagging 
through their decays, for instance in B~—• p°K~ vs. B+—* p°K+. 

The observation of the CV violating transitions requires two different mechanisms 
at the quark decay level and, in addition, a final state interaction phase factor. With 

{/| B) = (flH.lB) + (f\Ha\B)=glMl<r« + g2M2e
ia> 

( / | B) = ( / | J 7 i | 5 ) + (f\H2\B) = glMte*» + 9;M2e
ia> 

we find 

r ( - B - > / ) - r ( 3 - > / ) = 2Jm(g 1*( 7 2)sin(a 1 - a2) • MXM2 

T(B-> f) + T(B-> f) ~ \gi\2Ml+ \g2\
2Ml+ 2Ke(gîg2)cos(a1-a2).M1M2 

Mx,2 are the real amplitudes after the CKM matrix element <71>2 are factored out. The 
final state interactions are parametrized by the phase factors e w . They are built-up by 
contributions from soft strong and electromagnetic interactions at the hadron level but 
also loops at the quark level. Since these amplitudes are very difficult to control, the 
method will not be elaborated any further in the present context. 

(d) Machines 

High energy proton colliders like the LHC or SSC and dedicated e + e~ colliders at low 
energies are the most promising candidate machines to solve the experimental problem 
of CV violation in B decays. 

(i) Proton colliders LHC and SSC: 

The cross section for b quark pair production in high energy proton colliders [83] has 
been estimated to be of order 

<r ( £ ) ~ 300/ib (91) 

With an integrated luminosity of f C ~ 10 3 9cm~ 2 this corresponds to ~ 3 x 10 1 1 events 
[per year]. This number would be highly sufficient to study CV violation in B decays, 
however very sophisticated hard-ware and soft-ware analysis methods are needed to 
isolate the B particles from the formidable backgrounds. 
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Brt—-7l+7I 

B s —PK S 

VcdVcbl 

B d - *VK S 

Fig . 1.15. Connection between the angles in the unitarity triangle and the CV asymme
tries in B decay processes. 

Quark sub-process Decay mode XmX 

b—• c + cs c + cds 

£ ^ tf tfs, X#s , <f>Ks,VcKs, 

uKs^Ks^D+D-^D0, 

VKL,<f>KL,PKL,... 

- sin (2/3) 

b —> û + ud Bd-^ 7r+7r -,pp,p7r° 

W7r°,7r07r° 

— sin (2a) 

b —> û + ud B.-+ pKs,(*>Ks, 

pKL,uKL 

- sin (2 7) 

b—> C + CS C + C<2 B,-^ V<t>,r]e(f>,yKs 
JVusV^l . 

W * i s m 7 

Table 1.6 CV asymmetry coefficients for a variety of B decays, expressed by the three 
angles in the unitarity triangle; from [82]. 

390 



(ii) Asymmetric e+e colliders: 

The best source for Bj particles are T resonance decays, 

T ( 4 5 ) - » BdBd e+e~- (92) 

Since the initial and [consequently] the final states are pure C = — 1 states, the BB 
wave function must be symmetrized properly [84] 

| > = \B{kl)>\~B{k2)>-\B{k2)>\~B{k1)> 

As a result, the t ime of the tagging as well as the time of the analyzed decay - B—» ^Ks 
for instance - must be measured both in order to detect the CV asymmetries, 

N [£?£?-> (Stag) (VKs)] ~ e~Wr [1 + 77 sin AmB (t - t)] 

N [B?B°;^ (VKS) (b tag)] ~ e - ( t + ^ / T [1 - 77 sin AmB (t - t)} 

Integrating out any of the times, either for tagging or for the analysis, makes the CV 
asymmetry unobservable. 

\ UK 

ff>\ 

&> 

~100p 

Symmetric T(4S) 

Asymmetric T(4S) 
- 1Z5 x 2 GcV. 

The decay times must there
fore be recorded in high resolu
tion vertex detectors. As shown 
in Fig.1.16 [85], the decay length 
in standard symmetric e + e ~ ma
chines are too small for this pur
pose. An elegant way out of this 
problem is the asymmetric e + e ~ 
version in which the T ( 4 5 ) res
onance moves with high velocity 
along the beam pipe so that the 
decay paths of the B particles are 
dilated by the Lorentz 7 factor. 
B factories are thus promising in
struments to discover CV viola
tion in the 6-quark sector. 

Fig.1 .16. Length of the B decay paths in sym
metric and asymmetric e+e~ machines operating 
on the T ( 4 5 ) resonance, [85]. 

(iii) Polarized Z decays: 

The B decay lengths can also be measured in high energy e+e~ colliders. With polarized 
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e + / e beams, the forward-backward asymmetry for b quarks in Z decays 

AFB ~ 2~. 2 ~ — 1 

vt + al 
can be exploited to tag the b flavor [86] since the asymmetry is nearly maximal as 
discussed before. 
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IL t QUARK 

Top quarks [2] are elusive particles that have been searched for more than a decade 
without success [87]- [88], [4]. The t quark completes the fermion spectrum of the 
Standard Model so tha t all its properties are uniquely determined once the mass is 
fixed. The lower limit of 45 GeV set at SLC and LEP [88] is model-independent while 
the limit of 89 GeV from the Tevatron [4] is based on semileptonic decay properties as 
specified by the Standard Model. Estimates derived from precision measurements of the 
electroweak parameters in e+e~ annihilation and lepton-nucleon interactions indicate a 
top mass value between 100 and 220 GeV centered around 140 GeV [5]. Thus only a 
small window is left for LEP200 while a major part of this range or eventually even 
the entire range can be covered by the Tevatron. However, if the mass were close to 
200 GeV or beyond, it may need the high energy pp colliders LHC or SSC to discover 
this long awaited particle [3]. And only these colliders can provide the large number of 
top quarks [order 10 7] which are necessary to measure the mass accurately within a few 
GeV. High energy e+e~ colliders can improve the accuracy of this fundamental mass 
parameter to a level of about 1 GeV and less. 

1. E V I D E N C E F O R T O P Q U A R K S A N D M A S S E S T I M A T E S 

(a) t - The missing quark 

Several experimental results provide us with very strong evidence that the fermion spec
t r u m of the Standard Model 

ve' v» 'VT 

.e~. L eR . A * " . L y-R IT~ . L TR 

' u ' UR c " CR • t • iR 

. d. L dR . s . L SR .b . L bR 
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does include the top quark, imprinting the same multiplet structure on the third family 
as the first two families. The evidence is deduced from measurements of the weak isospin 
of the b quark which has been proved to be non-zero, 73 = —1/2, thus demanding an 
Iz = +1/2 partner in this isospin multiplet. 

(i) Partial width Y(Z-> bl) 

It has been shown in the preceding section that the partial Z decay width to b quarks 
T(Z—* bb) in a world without t quarks would be more than an order of magnitude 
smaller than in the Standard Model, 

T \ A = O r (z^ bb) 
7SM~ 

( 4e& sin2 •âw) 

T (Z-> bb)*M 1 + ( l + 4e6 sin 2 4W)
 1 3 

A topless model would clearly be incompatible with the Z decay data [89]: 

(1) 

SM Aleph Delphi L3 

T(Z-+ bb) [MeV] 378(2) 377(52) 367(67) 385(23) 

(ii) Forward-backward asymmetry ofb quarks in e+e annihilation 

The previous result corroborates earlier evidence derived from the observed forward-
backward asymmetry of b quarks in e + e~ annihilation experiments. Across the entire 
energy range sufficiently above the b threshold the asymmetry is given by [13] 

,FB 
(*) = T 

3 a VA 

(2) 

with the FB asymmetric vector-axial vector interference term 

.VA 
GfOL 

~V2 eeebaeab 

m\ (s - m%) 

8ir 

and the total cross section 

G = 
47ra2e2e? Gpa m\ (s — m%) 

—r-+"7T W A 

{*-™i?+{^*y 
Gp 
32Îïr 

(vl + al)(vl + al) 
m\s 

(*-™i)2+ter*y 

(3a) 

(36) 
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[vector and axial-vector charges are denned in the first section]. On top of the Z 
resonance the familiar formula 

FB / j , \ ^ 2veae 2ff,Oi> 
A r a W = 7 ^ l 4 ^ (4a) 

is easy to recognize while for low energies the dominating 7 — Z interference terms rises 
linearly with s 

A™ { b ) „ _ _GFS_ OeO, 
v ' 4v/27ra eeeb

 K ' 

The maximal asymmetry is reached at an energy of about 60 GeV. 

The prediction of the Standard Model is confronted with the experimental data in 
Fig.II . l , including the correction factor (1 — 2x) for B — B mixing with the average 
mixing parameter x — 0.139 . It is evident that the isospin charge 

I 3 (6) = \ab = - \ (5) 

provides a good fit to the data , with x m m c e agreement with the independent analysis 
of like-sign dilepton rates at LEP and the SppS. Thus, the b quark is unambiguously 
identified to be the member of an isospin doublet, the upper J 3 = + | component of 
which being the top quark. 

(Hi) Absence of FCNC decays 

Mixing between quarks which belong to different isospin multiplets 

"c l s = s cos i? + b sin •& 

.s'IL b'L b' = — s sini?' + ècosi?' 

generates non-diagonal neutral current couplings, i.e. the breaking of the GIM mecha

nism 

< h > = +„ (cL, CL) - -z (*'L,*'L) 

= diag. sint? COST? ( i i , 6 i ) + h.c. . 

The non-diagonal current induces flavor-changing neutral lepton pair decays b—• s+l+l~ 
which have been estimated to be a substantial fraction of all semileptonic B meson 
decays [91] 

B R ( B - > l+l-X) ^ _ 

B R ( g _ l^,X) * ° - 1 2 <6> 

This ratio is four orders of magnitude larger than a bound set recently by the UA1 
Collaboration [92] 

BR(f f -> n+H-X) 5.0 X 1Q- 5 

B R ( B ^ fiv^X) < 0.110 ± 0 . 0 0 8 ^ 

so tha t the working hypothesis of an isosinglet b quark is clearly ruled out experimentally 
also by this method. 
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Fig.II.l: Comparison of the Standard Model prediction for the forward-backward asym
metry ofb quarks with e+e~ annihilation data [90j; full line: b asymmetry, broken line: 
observed l~ asymmetry including B-~B mixing effects. The dotted line would have been 
realized in a topless world. 

A no less compelling argument for the existence of top quaxks follows from a theo
retical consistency requirement. The renormalizability of the Standard Model demands 
the 

(iv) Absence of triangle anomalies 

Triangular fermion loops built-up by an axialvector charge I3A = -I3L combined with 
two electric vector charges Q would spoil the renormalizability of the gauge theory. 
Since the anomalies do not depend on the masses of the fermions circulating in the 
loops, it is sufficient to demand that the sum 

T. T L 2. L L 

L L 

of all contributions be zero. Such a requirement can be translated into a condition on 
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the electric charges of all the left-handed fermions 

£<? = ° (8) 
L 

This condition is met in a complete standard family in which the electric charges of the 
lepton plus those of all color components of the up and down quarks add up to zero, 

£<?=-! +3 *[(+§) +(-!)]=„ 

If the top quark were absent from the third family, the condition would be violated and 
the Standard Model would be theoretically inconsistent. 

(b) Mass estimates 

(i) Experimental bounds 

Model independent bounds on the top mass have been derived from the non-observation 
of it pairs in Z decays. [The s tandard coupling of t to Z enters the analysis - which, in 
the light of the previous subsection, is not a disputable point.] The partial width [13] 

r'«-«> = f$> 3 - / 3 2 

( l - | r in a *„)*+/? (9) 

falls sharply for m t—• mz/2 at threshold, /? = J1 — 4 m 2 / m | ; in particular, if the 
Coulomb gluonic final state interactions are taken into account which renormalize the 
width even to a non-zero value at threshold [93]. The experiment is therefore sensitive 
to top masses up to half the Z mass. At LEP [88] the bound 

m t > 44.5GeV (10) 

has been derived in this way, and a similar value at SLC. 

Much larger limits for top masses can be reached in the high energy pp colliders 
SppS and Tevatron [87,4]. The production cross sections are determined by the color 
charges of the quarks for a given mass in the gg/qq —• it fusion processes and the cross 
sections are thus model-independent. The search however must be carried out in the 
semileptonic decay channels t—> b + l+v\. The branching ratio is uniquely determined 
in the Standard Model, yet it could be rather dramatically different in extensions of 
the Standard Model. For example, if charged Higgs particles were lighter than t quarks 
with a mass below the W mass, rapid semiweak decays t—* b + H+, H+—> r+uT would 
overwhelm the weak Fermi decay process t—-> b+l+ui. In such a case the bounds obtained 
in the framework of the Standard Model would be softened [94]. [The details of these 
points will be elaborated in the next subsections.] 
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The most advanced mass limit has been reached at the Tevatron [4]. Dilepton events 
in the final states of 

pp -* t + t 

*W~ +b 
I * j or j + non-isolated l+ 

». jj or isolated l~ 

W+ + b 
j or j + non-isolated l~ 

.*. jj or isolated l+ 

were searched in which either both leptons were isolated decay products of virtual or 
real TV's or one lepton in the pair was instead non-isolated and contained in the b jet. 
From the comparison with the theoretical prediction [95] for the it production cross 
section, Fig.II.2, a lower bound of 

mt > 89 GeV [Standard Model] (11) 

has been derived, based on an integrated luminosity of f £ = 5 p b _ 1 . 

If the integrated luminosity can be raised to 500 p b _ 1 , top quarks up to a mass of 
200 GeV can be discovered with certainty, Fig.II.3. This limit can even be exceeded if 
the analysis of the "lepton-f jet" channel can be controlled properly. 

(ii) Mass estimates from radiative corrections 

First indications of a high top quark mass were derived from the rapid (B — B) oscilla
tions observed by ARGUS [67]. However, due to the uncertainties of the CKM matr ix 
element Vtd and of the (bd) wave function, not more than qualitative conclusions can be 
drawn from such an analysis as the oscillation frequency A m ~ \Vtc[\ f%rn\ depends on 
three [unknown] parameters. 

The analysis of the radiative corrections to high precision electroweak observables is 
much more advanced [5]. Since Higgs mass effects are weak as a result of the screening 
theorem [96], the top mass is the only unknown parameter in the framework of the 
Standard Model. Combining the high precision measurements of the Z mass with 
sin 2 •dw from forward-backward asymmetry and LR polarization measurements, the top 
quark mass can eventually be determined up to a residual uncertainty of ±10 GeV. 

The key rôle is played by the connection of the Z mass with sin 2 •âw and the low-
energy couplings a, Gp. Through radiative corrections * this connection is strongly 
affected by the t quark mass. Linking the Glashow-Salam-Weinberg theory to the 

* Again, the on-shell renormalization scheme will be adopted. 
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Fig.II.2: Comparison of experimental upper bounds on the t production cross sections 
with theoretical predictions for top masses up to 89 GeV [4]. 
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Fig.n .3: Expected discovery limits for top quarks at the Tevatron with rising integrated 
luminosity [W.J. Stirling, these proceedings]. 
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effective low-energy Fermi theory of the weak interactions relates the Fermi coupling 
Gjr with the GSW SU(2) coupling g = ej smtiw and the W mass, 

— = g 2 = n a (12a) 

After inserting the mass relation 

rrtfy = cos 2 dwTn% (12&) 

[fulfilled by Higgs doublet representations], the W mass can be replaced by the Z mass 
so that only parameters which can be measured with very high precision enter the 
equation. This relation has been derived so far in the Born approximation. After the 
QED radiative corrections are taken into account by substituting for a the running 
coupling a ( m | ) = a/ (1 — A a ) = 1/128.8 ..., the top quark mass is introduced through 
the genuine electroweak corrections, essentially the p parameter of the (tb) loop in the 
W propagator. The final relation can be cast into the form 

sin 2 $w cos 2 dy/m2? = —7= . (13) 
2 V2GF[l-Aa + 3GFm2

tcot2i)w/167r2] K ' 

Given the Z boson mass with very high precision, sin 2 $yy can be obtained as a solution 
of the quadratic equation following from eq.(13). The physical solution is represented 
by the thin lense in Fig.II.4(a) as a function of the top mass [97]. Thus , if sin2i?w" will 
be measured to ±0.001 or bet ter the top mass value is constrained to ±10 GeV. * Also 
shown in Figs.11.4(a) and (b) are the present constraints in the [s in 2 i?w,m t ] plane that 
can be derived from radiative corrections to a variety of high and low-energy processes. 
[Note tha t the v scattering da ta pull down the average value of mt somewhat compared 
with the Z data.] Several analyses of this type [5] may be summarized [20] in a value of 

mt = 137 ± 40 GeV (14) 

These analyses, in particular the p value, are quite stable in regard of extensions of the 
Standard Model. The upper bound of ~ 220 GeV on the top mass is not a mathematical 
apodictum, however, as it may be evaded in some special regions of the parameter space 
in two-doublet Higgs model, for instance, see e.g. [99]. 

(Hi) Theoretical constraints 

Present theoretical analyses of the Standard Model are based almost exclusively on 
the per turbat ion theory. If this method is assumed to apply also to the top-quark 
sector, in particular when linked to the Higgs sector, the top mass must be bounded as 
the strength of the Yukawa-Higgs-top coupling is determined by this parameter . The 
following consistency conditions must be met: 

"This connection provides a very strong test of the Standard Model once the top mass is determined 
directly in collider experiments. 
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F i g . E L 4 ( a ) / ( b ) : The electroweak mixing angle s in 2 -d\y as a function of the top mass 
from a variety of low and high energy experiments [97]. 

Yukawa coupling gy (ttH) 

In the Standard Model the Yukawa coupling is related to the top mass by 

gy (ttH) = rtit\/V2GF (15) 

Demanding the effective expansion parameter <7y/47r to be smaller than unity, the top 
mass is bounded to 

TT 

™t < ^ ^ ^ « 440GeV (16) 

For a top mass of 220 GeV the coupling gy/Air « 0.13 is comfortably small so that the 
perturbat ion theory can safely be applied in this region. 

Unitarity bound 

At asymptotic energies the amplitude of the zeroth partial wave for elastic tt scattering 
in the color singlet same-helicity channel [99] 

a 0 (tt—* tt) = 3£ 
8TT 

3Gp mt 

' 4V5?r 

(17) 

grows quadratically with the top mass. Unitari ty however demands this real amplitude 
to be bounded by |Reao| < 1/2. This condition translates to 

mt < 
2y^7T 

\ ZGF 

500 GeV (18) 
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The bound improves by taking into account the running of the Yukawa coupling [100]. 
This coupling increases with energy as long as the Yukawa force overwhelmes the strong 
interaction gluon exchange force which drives the coupling to lower values, 

dg\ 9 4 2 
* l o g . - • ! « * • * " « • * ( 1 9 ) 

The solution of the «normalization group equation [101] distinguishes three regions for 
the top mass parameter: 

mt < 95 GeV : Yukawa theory asymptotically free; 

95 < rrtt < 170 GeV : unitarity bound violated only at a scale beyond the 
Planck mass; 

mt < 480 GeV : cut-off scale moving down to A ~ 700 GeV, the mini
mal value allowed in the Higgs sector. 

For energies beyond the cut-off scale the particles interact strongly with each other 
and the perturbative formulation of the Standard Model breaks down. This could be 
suggestive for the onset of new physics. Thus, given the top mass, the energy scale can 
be estimated at which the Standard Model would eventually be embedded into a more 
comprehensive theory. 

Stability of the Higgs system: top-Higgs bound 

The quartic coupling A in the effective Higgs potential 

v = n 2 W 2 + ̂  \<t>\A 

depends on the scale at which the system is interacting. The running of A is induced by 
higher-order loops built-up by the Higgs particles themselves, the vector bosons and the 
fermions in the Standard Model [100,102]. For moderate values of the top mass, mt < 77 
GeV, these radiative corrections generate a lower bound on the Higgs mass [< 7 GeV]. 
At high energies they make A rise up to the Landau pole at the cut-off parameter 
A beyond which the Standard Model in the present formulation cannot be continued 
["triviality bound", as this bound could formally be misinterpreted as requiring the low 
energy coupling to vanish ]. If for a fixed Higgs mass the top mass is increased, the top 
loop radiative corrections lead to negative values of the quartic coupling A 

uX 3 r • 4 i 
5 ^ g 7 = 8 ^ l A - *9Y + gauge couplings] (20) 

Since the potential is unbounded from below in this case, the Higgs system becomes 
instable. Thus the stability requirement defines an upper value of the top mass m* for a 
given Higgs mass m H and a cut-off scale A. The result of such an analysis is presented 
in Fig.H.5. Depending on the cut-off scale A where new physics may set in, the top 
mass is bounded to mt < 200 GeV if A exceeds the Planck scale but it could rise up to 
400 to 500 GeV if the cut-off is reached at a level of 1 TeV and below. The estimates 
are similar to the unitarity analysis in the preceding subsection.* 

'Additional bounds on the top mass were derived from supergravity models; these approaches are 
discussed in Ref.[l03]. 
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These theoretical analyses have shown that for presently favored top masses of 
mt < 220 GeV the Standard Model may be valid up to a cut-off at the Planck scale. 
[The hierarchy problem, that is not touched in the present discussion, may enforce 
nevertheless new additional physical phenomena already in the TeV range.] 

2. TOP QUARK DECAYS: STANDARD MODEL AND BEYOND 

(a) Standard Model 

Based on the Standard Model, the lower limit of the top quark mass mt > 89 GeV has 
been shifted to a level well above the real W threshold for the decay mode 

t - • b + W+ 

In the 3-family SM the CKM matrix element of the (tb) coupling Va, = 0.9990 ± 0.0004 
is well-known to be very close to unity [66]. As a result, the width of the top quark can 
be precisely predicted in the SM [31]: 

T(t^b + W+) = Gfm: 
8V^7T 

1 - m w 
m. 

1 + 2 
^,2 
mW 
m\ 

The width approaches quickly the asymptotic form 

Y{t - • b + W+) -+ 175 MeV x [ — ' 
lmwl 

(21) 

(22) 
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and the lifetime drops below 1 0 - 2 3 sec. This is il lustrated in Fig.II.6. The final state 
consists of a 6-quark jet plus a lepton pair or two other jets from the W decay which, 
being a color singlet system, fragment independently of the environment. 

Wi th rising top quark mass the W boson is emitted more and more frequently 
in a s ta te of longitudinal polarization [104]. The ratio of longitudinal polarization 
to transverse polarization TL/TT rises from 1/2 at the real W threshold to 2 m 2 / m f y 

asymptotically. T h e energy spectra of the leptons, and correspondingly the invariant (bl) 
mass, n2 = m2(bl)/m2, are affected by the chirality of the (tb) charged weak current for 
moderate top masses. Assuming the charged lepton current to be of the well established 
V — A form, the probability to observe a charged lepton of maximal energy Ei = mt/2 
vanishes for the conventional V - A form of the (tb) current while it is non-zero for a 
speculative V + A coupling. Equivalently, the distribution of the invariant (bl) mass is 
given by 

I r 
dT 
dp2 oc < 

/ i 2 ( l - n2) + 77(1 - 2/z2) - r/2 (V- A)th coupling (SM ) 

^ 2 ( 1 - A*2) (V + A)th coupling 
(23) 

where 77 = rn^/m2 and 0 < (J? < 1 — 77. A deviation of the (tb) coupling from the V — A 
structure of the S M would thus lead to a stiffening of the charged lepton spectrum. 

Genuine electroweak corrections to the top quark decay are expected to be of order 
Gprnl/i:2 while Q E D corrections, summed up and no energy and angular cuts applied, 
should be 0(a/-7r). 

QCD gluonic corrections, though being well under control, reduce the width never
theless at a level of ~ 10 %. Furthermore, they distort the charged lepton spectrum of 
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the W decay [105]. The correction to the width can be cast into a simple form 

r = r B 

2 a. 
3 7T 

(24) 

with, for mj, = 0, 

J F 0 = 2 ( 1 - 7 7 ) 2 ( 1 + 2T7) 

^ = JF0 [ 7T2 + 2 Sp(V) - 2 Sp(l - 77) ] + 477(1 - 77 - 2T7 2) log 77 

+2 (1 - T7)2 (5 + 477) log(l - 77) - (1 - 77) (5 + 977 - 6T? 2) 

In the mass range mt > 100 GeV, the QCD correction amounts to 

&QCD « (3 to 4) ajir 

rising slowly with the top mass. 

(b) Beyond the Standard Model 

(i) The charged Higgs decay mode 

Among possible extensions of the Standard Model the minimal supersymmetric model 
MSSM has received much attention [106]. For this model to be anomaly-free, two Higgs 
doublets must exist, generating altogether 5 physical particles. Two of the particles are 
charged, H±, two scalars h, H and one pseudoscalar A [CV=—1] are neutral. At the 
tree level, the mass spectrum is restricted by the relations 

m 
2 _ 
H± = 77ijy + m j 

m\H = \[m\ + m\^ yj(m\ + m\y— 2m\m2

Acos22(3] ^ TO; 
(25) 

The angle tg/? = v2/vi is given by the ratio of the vacuum expectation values of the 
Higgs fields which provide the masses to up and down quarks, respectively. In the 
MSSM, v2/vi is expected to acquire a value between 1 and ~ mt/mb. LEP analyses 
have set lower limits on the light neutral Higgs particles m^ > rrih > 32 GeV (for a 
summary see Ref.[19]). Lower limits on m^ restrict the parameter range of [mg±,tgj3} 
to the areas shown in Fig.II.7. 

For a wide range of parameters the decay of top quarks to charged Higgs bosons 

is kinematically allowed and, as a result of the large quark masses involved, the magni
tude of the branching ratio is noticeable [31], [107]-[109]. A comparison of the width 

r(<-> & + #+) = Gf7nt 1 -
771j 

m 2 
^ ) 2 t g 2 / ? + ctg2/? (26) 
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Fig.I3.7: Areas allowed in the [m.ff+,tan/?] plane in the minimal supersymmetric exten
sion of the Standard Model for given light Higgs mass values. [Below the dashed lines 
the decay mode JET+—> h + W+ is kinematically forbidden.] 

with the SM width shows that in the physically interesting range of tg/3 the Higgs decay 
does not spoil the search strategies for top quarks based on the SM decay t —• b + W+ 
[in contrast to models where mj j < mt < mw is assumed [94]]. On the other hand, the 
branching ratio BR(< —• b + H+) is large enough to search for charged Higgs particles 
in top quark decays. This is illustrated quantitatively in Fig.II.8 for a top quark mass 
of 150 GeV and a Higgs mass of 100 GeV. 

Charged Higgs bosons decay into heavy fermion pairs H+ —• T+UT and cs as well as 
Wh final states if kinematically allowed. [The areas in parameter space are restricted 
by the dashed lines in Fig.II.7.] The partial widths [106] are given by 

T (H+ -> T+UT) = 

r (H+ -» cs) = 

T(H+^ W+h) = 

Gj?mT mg 
y/2 4TT 

tg2/? 

^ ) \ g 2 / ? + ctg>/? 

% ( ^ f c o s ' O ? - a) 
7T \rnjj ) 

ZGpmc ruff 

GpTnz

H (2pw 
8>/27 

(27) 

with 
2 i 2 

tan 2a = t an 2/3 — f——* 
mA ~mz 
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They add up to a small total width of less than 0 (0 .1 MeV) so tha t the charged Higgs 
particles are very narrow in the parameter range relevant for top decays. The branching 
ratios are displayed in Fig.II.9 for mg± = 100 GeV. Except for low tg/? and large mH± 
values, the leptonic H+ —> r+uT decay mode is dominant. 

For large tg/3 the r decay mode is nearly exclusive, providing an excellent signa
ture for charged Higgs decays [110]. As a result, top decays into H+ could manifest 
themselves through deviations of the semileptonic branching ratios BR(t —> fi+,e+) 
[111] and BR(< —• T + ) from the universal value 1/9 as prescribed by the real W decays 
in the Standard Model, Fig.II.10. Monte Carlo simulations [110], [111] indicate tha t 
charged Higgs bosons with masses up to ~ 150 GeV [for mt ~ 200 GeV ] could be 
detected; however the zone between tg/? = 3 and 10 is very difficult to explore because 
the branching ratio BR(<—>• H+) is very small in this range. 

(ii) Supersymmetric extension: stop 

In supersymmetric extensions of the Standard Model the two scalar partners of the left-
and right-handed fermions mix with each other [112]. Since the coupling of the states 
is proportional to the fermion mass, it could be significant for the t sector. The mixing 
parameters could even be such that the lowest stop t mass eigenstate might be lighter 
than the t quark [113], [114]. If mj < mt the dominant SUSY decay of the top quark 
would be 

t^t + j 

provided the neutralino 7 , as the LSP, is light enough. In such a case the partial decay 
mode is competitive with the SM decay 

r ( i - + t 7 ) SV^TTC* fmw\
2 ( l - rr£/m\) 

T(t-*bW) ~ 9GFm
2

w \ m t ) ( l _ m2

w/m
2

t)
2 (1 + 2m2

w/m>) ^ 8 ) 

[The factor in front is approximately 0.4]. 

Top decay via stop would generate cascades of the type 

< + 7 t^t + î 
I— b+W I— b + W 

— - b + j 
W + 7 

so that a large fraction of energy would be deposited in the invisible neutralinos ( ?» 
photinos) and the spectrum of the charged leptons would be softer than in the SM. 
Other decay modes of t could be the two-body decay 

t—* c + 7 
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F i g . n . 8 : Branching ratios for top decays to W+ and charged Higgs H+. The minimal 
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previous figure. 
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Fig.II .9: Branching ratios of charged Higgs decays for mH± = 100 GeV where the 
decay to W and light Higgs is kinematically forbidden. The lower limit for t an /3 in the 
MSSM can be read off Fig.II. 7. 
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Fig.II . lO: Branching ratios of top decays into \i and r in the MSSM [including the 
usual SM decays]. 

which is mediated by ttW loops, and - if the LSP is the sneutrino v - the familiar chain 

t-* b + W 
L~i+ + v 

Both modes would not be easy to detect or to discriminate from the SM decay modes. 

(Hi) Flavour changing neutral current decays 

Mixing [115] between heavy quark states of order mitrij/m'^ tha t would be suppressed 
for light quarks could manifest itself in NC decays of top quarks 

i->c + Z 

complementing the standard CC decays to b quarks. Since leptonic Z decays provide a 
striking signature, this mode would be easy to detect. 

3. HADRONIC PRODUCTION OF TOP QUARKS 

The search for new quarks and the exploration of their properties has been a most 
important task at hadron colliders in the past. Proton-(anti)proton colliders may even 
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be the only machines in which top quarks can be produced in this decade. Par t of 
the presently favored top mass range < 220 GeV, or eventually the entire range, can 
be covered by the Tevatron, as shown before. For mt > 200 GeV and for a detailed 
study of the top quark properties the high energy colliders LHC and SSC are needed to 
provide the large number of top events [order 10 7 ] . 

The main production mechanisms for top quarks in proton-antiproton collisions, 
F ig . I I . l l , are gluon-gluon and quark-antiquark fusion [116] 

gg and qq —> it 

for quark masses up to ~ 250 GeV. Only if top quarks were still heavier, W-gluon fusion 
would become the dominant production process [117] 

Wg-*tb 

at the high energy pp colliders. 

F ig .11 .11 : The main production mechanisms for top quarks in pp and pp colliders 
[generic diagrams]. 

(a) Hadronic fusion mechanism 

The dominant Born terms for the total top cross section in gg/qq—> it fusion are well-
known to be of the form [116] 
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* « ( * ) = 
47ra^ 
123 *+>+&»&-"b& 

. . . 87ra, „ r p. 

(29a) 

(296) 

with p = Am2Js and /? = y/l - p being the velocity of the t quarks in the it cm frame 
with invariant energy \/l. The total pp cross sections then follow by averaging the 
partonic cross sections over the qq and gg luminosities in pp collisions, 

( p ^ " ) = £ ? / / r T ^ M + ^ (30) 

Since the parton luminosities rise steeply for r—• 0, the it production cross sections, 
Fig.II.12, increase dramatically with rising energy. 
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Fig . IL l2 : Production cross section for tt pairs in pp and pp colliders: Tevatron (1 8 
GeV); Tevatron II (3.6 TeV); LHC (16 TeV); SSC (40 TeV). Ref.[3j. 

Higher-order QCD corrections [118], [119], [95] include loop corrections to the Born 
terms and 2-* 3 contributions like gg^> itg, qq-+ tig etc. The integrated expressions 
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for the total cross sections can still be cast into a simple form 

rij(s, 2 2\ <» 2 (^) 
~~2 /£>(,) + 4ir«.(,i») (/§>(p) + f1?W*^ (31) 

.(?), where s = xix 2-s and the dominant lowest-order contributions f>j' (/>) are given by the 
parton cross sections above; in addition f}$ = fg9' = 0. The subleading higher-order 
expressions for /£• and f>^ are given in Refis.[118], [119]. The heavy quarks are treated 
within the on-shell renormalization scheme with mt being the "physical" mass of the 
top quark. Outside the heavy quark sector, the MS scheme has been employed. These 
higher-order terms have to be used in conjunction with the running coupling a, (/z2) 
and the gluon/light-quark parton densities evolved in 2-loop evolution equations, fi is 
the renormalization scale, identified here also with the factorization scale; typical scales 
tha t have been chosen are fi = mt and Jm\ + •p\. More technical details are discussed 
in Ref.[3]. 

The lowest- and higher-order predictions are compared with each other in Fig.II.12. 
The subdominant 2—• 3 contributions add up to less than 10% of the dominant lowest-
order results. The theoretical uncertainties of the predictions for the LHC due to differ
ent par ton distributions [120] are about ±10% plus a ± 1 0 % variation due to the scale 
ambiguity /z. Note tha t the "K factor", defined formally by the higher order corrections 
to the LO par ton cross section, but the parton distributions and a, kept fixed, amounts 
to an « 50% correction of the Born terms. 

It is also instructive to study separate, physically distinct components of the a 3 re
sults [121]. Whereas the initial (final) state bremsstrahlung (ISGB) processes, illustrated 
for the gluon initiated reactions in Fig.II.13, dominate around threshold [y/T~ > 2mt or 
Pt < "it)]> the gluon splitting (GS) and the flavor excitation (FE) contributions become 
equally impor tant for v 5 ^> 2mt or pt > mt. 

Fig . I I .13: Generic QCD diagrams of the dominant higher order mechanisms. 

Near the it threshold the cross sections are affected by resonance production and 
Coulomb rescattering forces [31], [122], [123]. These corrections can be estimated in a 
simplified potential picture. The driving 1-gluon exchange potential is attractive if the 
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tt is in color-singlet state and repulsive in a color-octet s tate [123], 

<rW(99->tt) = ï<TB(gg^ù)\*W\2 

<P>(gg- Û) = | < r s ( w - it) | * ( 8 > | 2 (32) 

<7<8>(??-> « ) = <rB{qq-> tt) | ¥ « | 2 

The Coulombic attraction leads to a sharp rise of the cross section at the threshold in 
the singlet channel, even if no resonance can be formed anymore, since the phase space 
suppression of the Born term aB oc fit is neutralized by the Coulomb enhancement of 
the wave function | ^ i | oc <**//?• In the octet channel, by contrast , the cross sections are 
strongly reduced by the Coulombic repulsion which leads effectively to an exponential 
fall-off of the cross sections cr% oc exp [—Tra,/6/3t] at the threshold. Due to the averaging 
over parton luminosities [123] the effects are less spectacular in pp than in e+e~ collisions. 

Genuine electroweak contributions of O ( a a j ) have been calculated to both the qq 
and gg—• it subprocesses [124]. The corrections include vertex corrections and box 
diagrams built-up by vector bosons and the Higgs boson. Except for a small region 
close to the production threshold, the corrections are always negative; they can become 
sizeably large, in particular if the top is very heavy. After convoluting the cross sections 
of the subprocesses with the parton distributions, a reduction of the Born cross section 
at a level of 10 to 20% is expected for mt > 200 GeV. 

The final states in the fusion processes can be characterized by three observables. 
The average invariant energy < v J > of the it pair is just a few mt. The top production 
is central < y > = 0 with a spread Ay = ± 2 , the rapidity values where the cross section 
has fallen to 1/2 of its maximum. The distribution of the transverse momenta has its 
maximum value at p™ax ~ mt/2. 

(b) Wg Fusion to tb 

The interaction radius in the QCD gg fusion process shrinks with rising energy so that 
the cross section cr(gg —*• it ) ~ (*%/& [mod. log's] vanishes asymptotically. By contrast, 
the interaction radius in the weak fusion process [117] is set by the Compton wave 
length of the W boson and therefore asymptotically non-zero, a —• G\.m%y/2ir. Folding 
this subprocess with the quark-gluon luminosities, the fall-off of the total cross section 
a(pp —» tb) is less steep than for the QCD fusion processes. As a result, the Wg 
fusion process will become dominant at large top quark masses > 250 GeV, while being 
suppressed at masses of order 100 GeV by about two orders of magnitude. Nevertheless, 
as shown in detail in Fig.II.14, more than 10 6 top quarks will be produced by this 
mechanism for any mass value at an integrated luminosity of J C = 1 0 4 p 6 - 1 . 

A close inspectation of the diagrams in F ig . I I . l l reveals immediately that the by 
far dominant part of the cross section is due to b exchange, with the b quark being 
near its mass shell. Since the b quark is almost collinear to the incoming gluon, this 

413 

http://Fig.II.14


ltf 

ltf : 

lCf 

ltf r 

1 1 1 y- • r — — | 1 

Vs =16W 

r- 
jrrrT

-i 
i 

• \ œ.qq—» £ -

M
T

T
IT

I'
ir

 '•
 

: 

Wg ~ t b •m 

\ ^%Ë î "* t *^% 
m 

\ . ud — tb ar
 i

 i
î
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cross section is logarithmically enhanced ~ ln(m|/m£) over other mechanisms. This 
w naturally suggests to approximate the process by the subprocess u + b —» d + t with 

the 6-quark distribution generated perturbatively by gluon splitting based on massless 
evolution equations. The weak cross sections can be presented in a compact form, 

< v h z dt) = % £ 

G\m\r 

(s -m\) 2\2 

s (s + Tn\v — m]) 

o~(db —* ut) = 
2TT 

s (2m\y — m\) — 2mlirml 

s 2 

(2s + 2mjfr - m?)m? s + m^- - m* 
log »«2 

and identically the same expressions for the C-conjugate reactions. 

2TT 

2TT 

Top quarks are created in u + g collisions, anti-top quarks in d + g collisions where 
the absorption of a W~ transforms a b quark to a t quark. The naïve expectation from 
valence quark counting for the ratio of tfi cross sections, a[u —• t) : o~(d —* Î) ~ 2 : 1 is 
corroborated by a detailed analysis; in fact, the ratio turns out to be 2.1 for top quark 
masses of about 150 GeV. 

414 



(c) Top signals and backgrounds at high energies 

Top signals can be classified according to the number of isolated charged leptons in the 
final state. As an example we shall discuss it final states with the i decay characteristics 

*-» b+W 
I •. jj or Ivi [I isolated] 

jb or jlui [I non-isolated] 

The corresponding cross sections axe summarized in the following table, elaborated 
[125], [126] for the LHC: 

it signal background remark S/B <7cut [pb] # ev./ l O ^ b " 1 

0 / QCD jets impossible 

1 / W + n jets difficult ~ 1 :1 20 200,000 

2 / bb+ jets easy > 10:1 1 10,000 

2l + b 0.1 1,000 

Steps in the reduction of the backgrounds by experimental cuts are recorded in Figs.II.15 
and 16. While for small transverse momenta parton shower Monte Carlos like Pythia 
or Herwig should be applied to calculate the n-jet cross sections, parton cross sections 
based on fixed-order matrix-element calculations are appropriate for the background 
processes 

pp -+ W + n jets (n=2,3,4) [127] 

pp -» WW + jet (negligible) [128] 

pp -* bbg 

at large transverse momenta of the jets. 

(d) Top mass measurements 

Several methods can be employed to measure the top quark mass in proton-(anti)pro-
ton colliders. Most attractive are those measurements in which the top quark mass is 
experimentally reconstructed from the decay products, as they are model-independent 
except for minor cut corrections. 

(i) Total top cross section 

The mass dependence of the fusion cross section a(pp—* it) is the only method utilized so 
far at the SppS and the Tevatron to set lower limits on the top quark mass. This analysis 
depends on the theoretical prediction of the cross section. In the high energy pp colliders 
the accuracy will be not better than ±15 GeV [126] so that the accuracy expected from 
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the analysis of higher-order electroweak corrections in e + e" 
hardly be matched. 

collider experiments can 

(ii) v Reconstruction 

Systematic errors limit the accuracy that can be reached by this method, to a similar 
value as obtained from the total cross section [111], [129]. The method can be applied 
to single-isolated lepton events tf—> b + W, W—> I + v\. From the measurement of the 
charged lepton momenta parallel and transverse to the beam axis and the measurement 
of the transverse momentum of the neutrino, the longitudinal neutrino momen tum can 
be reconstructed 

Pvl 2pfT 

PIT ("i^r + ^PITPUT) ± Eimi\Jm\y + ±pvipVT (33) 

up to a two-fold ambiguity by exploiting the W-mass constraint m^y = (pi + pv) . In 
most cases, « 65%, the lower value is physically realized as may be proved by comparing 
the solutions with Monte Carlo da ta [129]. The top mass is found by combining the 
reconstructed W 4-momentum with one of the jets in the event, m\ = (pi + pv + pj) . 
A peak is being built-up by the correct choice, while the spectator jets generate a flat 
background distribution. 

J 

(Hi) jjj Recoil mass in 1 I events 

In single-isolated lepton events [plus eventually leptonic b-jet tagging to reduce the back
ground], the top mass can be 
reconstructed by collecting the 
three jets recoiling against the 
charged lepton into the opposite 
hemisphere [111]. The combina
torial background is drastically 
reduced by demanding two of the 
recoiling jets to form a W boson. 
A clear peak can be generated 
above background, as shown in 

Fig.II.17 for mt = 130 GeV. The error from such a measurement at the LHC is ex
pected to be reduced to ± 8 GeV. 
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Fig.n.17: Distribution of the jjj recoil mass (b) in single-isolated lepton event of top 
decays after two jets are recombined to a W boson (a); mtop = 130 GeV [111]. 

(iv) Dilepton invariant mass 

The most precise measurement of the top mass can be performed by evaluat
ing the ( / + / " ) invariant mass in 
trilepton events where l' and l+ 

are isolated while l~ belongs to 
a b jet [130], Fig.II.18. Since 
{m(bl+)) oc m t , with the coeffi
cient determined by the invari
ant l+l~ mass distribution and 
the 6—» Z~ fragmentation func
tion, this method is the least 
background-prone determination 

of the top mass [111]. Simulations for the LHC have shown that a precision of 
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£mt = ±5GeV (34) 

can eventually be achieved. This number does not only match the accuracy from elec-
troweak radiative corrections but it improves the precision by at least a factor of 2. If 
not opening the window to new physics, this combination provides a stringent test of 
the electroweak sector in the Standard Model. 

100 ~ 

fu 

ri 
m w p =130 GeV/c 

11 
in 

i i i i I .. mlWiflii Lnrv un .i-n t i • • i i i i i 

0 50 100 150 200 250 300 350 400 

Fig.II.18: Dimuon mass distribution in top decays t—t b + W+ with W+—> y^v^ [iso
lated] and b—* \L~ [non-isolated], [111]. 

4. TOP QUARKS IN HIGH E N E R G Y e+e" COLLIDERS 

The search for top quarks in e + e colliders has led to a model-independent lower limit 
of mt > 44.5 GeV derived from the non-observation of top quarks in Z decays. Even 
though the 89 GeV limit from the Tevatron is tied more strongly to the Standard Model, 
it is likely, particularly in the light of electroweak radiative corrections, that top quarks 
can be produced in e+e~ colliders with energies only beyond LEP200. Such machines 
will necessarily be linear colliders. Even if that the top quark will be discovered at the 
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Tevatron, the LHC or the SSC, several important physical problems can nevertheless 
only be solved in e + e ~ colliders with a [still fairly] sharp energy spectrum of the initial 
s tate. These include the precision measurement of the top quark mass up to a level of 
less than 1 GeV and the experimental exploitation of the it threshold region which is 
a nice test ground for QCD predictions [31], [122], [123], [131], [132]. For top masses 
about 200 GeV and above, the Higgs exchange between t and t in the final s ta te plays 
an increasingly important role [133]. The large mass of the top quark compared with 
all other fermions suggests the connection of this particle to speculative ideas on new 
forces [134], [21] and non-pointlike structures beyond the Standard Model. 

Besides the photons which are generated in the beamstrahlung associated with the 
strongly focussed bunch crossings in linear colliders, Compton back-scattering of laser 
light can be utilized to generate high 7 7 luminosities at large invariant masses [135], 
[136]. These 7 7 collisions can be a copious source of top quark pairs [135], [137]. 

(a) it Pair production in e + e annihilation and 7 7 collisions 

e* 

The production cross section for top quark pairs in e+e~ annihilation proceeding 
through virtual 7 and Z exchange reads in Born approximation [13] sufficiently above 
the Z resonance 

e' e it^pï-JLvV+^A ( 3 5 ) 

w here 

<T = -^veetvt 

32TT y*' + a<) V t (s - m; 

, GF ( 2 . 2 \ 2 m Z S ,oa \ 

V2 s — mz Hit ^ > [s — mz) 

^ 

with a/ = ± 1 and Vf = ± 1 —4e/ sin 2 6\y for up/down particles and a « 1/126 at energies 
of O ( lTeV); (3 = Jl — Am\/s being the velocity of the t quarks in the c m . system. 
The dominant part of the cross section [~ 80%] is built-up by 7 exchange. The energy 
dependence of a.-i is shown in Fig.II.19 for a top mass of 150 GeV. For a c m . energy 
of 500 GeV a total of ~ 6,000 events can be produced at an integrated luminosity of 
J C = 10 f b - 1 , corresponding to 10 7sec « one third of a year and C = 1 0 3 3 c m ~ 2 5 - 1 . 
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The production cross section for top pairs in 7 7 collisions [138] 

cr (77-» it) 
12-KO2 

' 7 7 
1 + 

4m t

2 %mf log 
' 7 7 

111 
1 - / 3 

(37) 

is larger for syl ~ s than the cross section for e+e~ annihilation by a factor of ~ 3. 
This case could be realized in Compton back-scattering of laser light [135], [136]. The 
77 luminosity of the standard Weizsâcker-Williams photons reduces the effective cross 
section a(e+e~—> e+e~it) by about two orders of magnitude. Beamstrahlung, to the 
contrary, can produce larger rates than e+e~ annihilation [137]; these rates however 
depend very sensitively on the geometry of the electron and positron bunches. 

(b) The threshold region 

For small to moderately large masses heavy quarks form narrow qq bound states. The 
n 3 5 j 1 states can be excited directly in e + e~ collisions. The spectrum of 1 toponium 
states [139] below the open t continuum is shown in Fig.II.20 up to a top quark mass of 
~ 130 GeV. The number of states N ~ 2Jmtjmc [140] is larger than 18 at the upper 
end of the quark mass range. 

For top masses above mt > mw + mb toponium decays proceed almost exclusively 
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through the semiweak decays of the constituents t—• bW so that 

r [(«) - WWbb] = 2T(t^Wb) 

-+ 350MeV x 

(38) 

nit 

Imw 

This width increases dramatically with the third power of the top quark mass [139]. 
Beyond mt > 130 GeV the width of the toponium IS state becomes wider than the 
IS — 2S level spacing [31]. This is the ultimate limit where the classical quarkonium 
picture ceases to exist. At this point the decay of the constituents is so fast that the 
lifetime to of the constituents becomes shorter than the revolution time tji in the bound 
state, estimated for the ground state of the short-distance 1-gluon exchange Coulombic 
potential to be 

tD ~ %\/2ir/Gpm\ and tu ~ l/\a2

tmt 

tD<tR for mt > 130GeV 

(39) 

(40) 

While transitions between quarkonium states are suppressed by the fast top decays 
already at quite small masses, the level spacing and the excitation probability can serve 
to map out the short-distance potential between quarks up to the mass range of ~ 140 
GeV. 
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The it excitation cross section for masses in this range follows a simple pat tern . 
While the low IS,... bumps can still be described by 
resonance excitation in typical QCD potentials, the 
higher levels n > 3 are so dense that they effectively 
correspond to top pair production in the continuum 
[122], [132], This supports nicely the duality picture 
between resonances and short-distance quark interac
tions. Modifications of the parton cross sections due 
to the final-state gluon exchange can be parametrized 

conveniently [12], [13], [122] by overall coefficients 

cy = (3 + /3) / 4 vector part 

CJL = | | — ^22 -|- I&- axial-vector part 

The argument of the running coupling has to be chosen at the momentum of the t 
quarks. 

For mt > 130 GeV the travel distance of the top quark after the creation before it 
decays, d ~ vtjj ~ ocstx) < 1 0 - 2 fm, is so small tha t residual strong interactions can be 
t reated by QCD perturbation theory [31]. The large top quark width acts as an infrared 
cut-off parameter . The it threshold is smeared out by the finite top quark width but it 
is still affected in the lower mass range by residual perturbative Coulombic final state 
interactions [123], [131]. Depending on the value of the coupling at which determines 
the strength of the Coulomb potential, broad 15 bumps could survive up to mt ~ 150 
GeV. Beyond this range the Breit-Wigner smearing leads to a smooth onset of the it 
production. This is demonstrated by the it threshold behavior for the two quark masses 
mt = 120 and 180 GeV in Figs.II.22. 

The position of the 15 bound state can serve to measure the top quark mass very 
accurately, 

Smt ~ a few hundred MeV (41) 

This may even be possible if only the residuum of the bound state through the threshold 
enhancement could be observed [131]. The height of the excitation depends strongly 
oc a 2 [123] on the coupling constant, apparent from the first of the Figs.II.22. [The 
influence of beamstrahlung which smears out the resonance peaks must however be 
carefully assessed.] 

(c) Continuum it production and top quark fragmentation 

The hadronization process of top quarks is complicated because strong and weak mecha
nisms are intimately intertwined. The incisive scale is set by the lifetime of the top quark 
r». For mt < 100 GeV the lifetime r» > A - 1 is long enough to form non-perturbatively 
mesonic (fq) or baryonic (tqq) bound states. The perturbative gluon radiation at early 

1 + 
4 a , •K /7T 3 

2/3 " C i \2 ~ 47 3 ) 
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times is followed by a small non-perturbative deceleration of the t hadron. On the other 
hand, if mt > 100 GeV, the decay is so rapid that hadrons cannot build-up anymore. 
The top quark is decelerated only by the early radiation of hard, non-collinear gluons 
[31]. 

Perturbat ive gluon radiation off heavy quarks is described to leading order by the 
non-singlet Altarelli-Parisi equation [30]. The solution for the t energy spectrum [31] 
[in units of the initial par ton energy E] 

< z >PT = 
*.(E2) 
a,(rn2) 

32 
3 ( 3 3 - 2 N / ) 

(42) 

reveals tha t only a small fraction of energy is radiated off for an initial energy E ~ 
several mt in the gg fusion process [Nf = 5]. For a top mass of 150 GeV and A = 200 
MeV, the average < z >PT falls from 0.92 to 0.90 when the initial par ton energy is raised 
from 500 GeV to 1 TeV. The angular distribution ( 0 ) and the energy distribution (u>) 
of the radiated gluons is approximately given by 

4 a , 0 2 dQ2 &v_ 
3TT [ 0 2 + i ] 2 + [ r ^ ] 2 u 

dP* = ^ T r „ , . ! „ . r r ^ , , TT (43) 

for a short-lived gluon radiation source accelerated to 7 = E/mt. The gluons accu
mulate on the surface of a cone with half-aperture 0 C ~ 7 - 1 for a long-lived top and 
7 _ 1 Jf Tt/u} if the particle decays fast. The spectrum has a maximum at w ~ I \ / 7 
if r t rises beyond the confinement energy A. Below the maximum, the fragmentation 
function can be approximated by the simple leading log form [141] 

n , s 1 + z 2 - i 1 6 

D { z ) p T a ( 1 3 ^ W l t h " = ^TWf

 l o s 

*.{E*) 

a,(m2) 
(44) 

This leading log form is improved by terms of order a , l o g ( l — z) and a, log 2 ( l — z) , 
which generate a maximum in the energy distribution, followed by a sharp fall-off when 
z approaches 1 [32],[142]. 

For small top quark masses mt < 100 GeV the i-hadron energy is a convolution of 
the perturbative spectrum with the non-perturbative fragmentation function so that 

< z >t = < z >NP < z >PT (45) 

The non-perturbative deceleration is small for heavy top quarks. Adopting the Peterson 
et al. form for the fragmentation function [37] we find 

< z >NP = 1 - y/Ft with yjït « 400 M e V / m t (46) 

The non-perturbative fragmentation function itself is strongly peaked near z ~ 1. 
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For top quark masses mt < 100 GeV the weak decay process t —• b + W + intercepts 
the fragmentation process [31]. t bound states do not form anymore. Small hadroniza-

tion effects are expected to set in if the string 
stretched between t and t becomes longer than 1 
fm before the quarks decay, 7T» > | fm. If the 
initial top quark energy rises beyond 

E > - - * 
2 m 3 

w 
(47) 

a few soft pions could be formed [143], [144]. [This 
amounts to E > 500 GeV for a 150 GeV t quark.] However, the effects due to the be
ginning of string formation are shrouded by perturbative gluon radiation. Also the 
perturbative gluon radiation is cut-off for lack of time at w > Tt/j. The top fragmen
tation is therefore described by a narrow peak at z ~ 1, followed by the standard QCD 
continuum distribution. 

After the decay of the top quarks, it—> bbW+W~, the bottom quarks fragment 
independently of each other. Their color flux lines are connected to the gluonic remnants 
of the perturbative t and t fragmentation processes [144]. 
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