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General Plan of JLC 

KEK Y. Kimura 

A five year R&D program on electron-positron linear colliders was initiated at 
KEK in 1987 based on the post-TRISTAN high energy physics plan, which the High 
Energy Committee (HEC) in Japan proposed in 1986. The ultimate goal of the HEC's 
long range plan is to build a TeV class linear collider Qapan Linear Collider) as a home-
based facility. The present R&D is its first phase and is to be followed by the next phase 
which will hopefully include construction of a prototype or intermediate accelerator stage 
for the TeV one. 

Starting the present R&D, we specified areas which it should encompass as 
follows. 
1. Theoretical works on (a) system design including damping rings, linacs, and final 

focuses, and (b) beam dynamics such as beam-beam disruption and instabilities of an 
intense bunch accelerated in linacs. 

2. Development of high gradient accelerating structures which can attain the accelerating 
field higher than 100 MV/m in practical operations. 

3. Development of high power RF sources of an output power larger than that presendy 
available by an order of magnitude. 

4. Development of final focussing devices. 
5. Investigation of ground motion and development of static and dynamic methods to 

install and align accelerator structures with an accuracy better than submicron meters. 

As explained in detail in the following reports, these issues are being studied in 
many-faceted ways including collaboration with foreign laboratories as SLAC, CERN 
and Institute for Nuclear Physics, Novosibirsk. A major experimental R&D program at 
KEK is to build an accelerator test facility (ATF) to make feasibility studies of linear 
colliders. ATF will consists of several sub-accelerator systems which include such key 
components of linear colliders as high gradient S and X-band linac structures, high power 
RF sources, damping rings, final focussing structures, etc. 

In the last three years, our R&D has made steady progress and clarified 
theoretically and experimentally many problems inherent to linear colliders. Neverthe
less, the present status of the accelerator technology is still far from that allows immediate 
construction of a TeV class linear collider. 

Initiating the R&D, we settled such a guideline that we should find solutions for a 
TeV class linear collider in extending conventional technologies. In the latter half of the 
first phase R&D, therefore, we have to make intensive efforts to show that we did take 
the road to success. 

Pursuing the linear collider R&D which has been encountering with many 
inexperienced difficulties, I aptly recall a remark made by Prof. Panofsky at the occasion 
of the 1981 US Accelerator School atFermilab. That is 

"I see no escaping the fact that if the growth of high energy physics opportunities 
through continuing evolution of the accelerator ars is to be maintained, more funds will 
have to be dedicated to accelerator technology both for fundamental research and ihe. 
construction of operating prototype devices". 

— 1 — 



Status of R&D for Japan Linear Collider 

Koji TAKATA 

KEK 

§1 Introduction 
In 1986 the community of high energy physics in Japan decided 

to promote the R&D study for a TeV class linear collider ( JLC: Japan 
Linear Collider ). Ever since we have been engaged in construction of 
an accelerator test facility ( ATF ) and also carrying on parameter 
designs of the linear collider1. In particular for a rather realistic case 
of an intermediate beam energy collider ( JILC: Japan Intermediate 
Energy Collider ) we have achieved a somewhat definite set of 
design parameters as shown in Table l 2 . The schematic diagram of 
the collider is shown in Fig. 1. Besides the main linacs each beam has 
a 1.54 GeV damping ring with its injector linac and 10 GeV pre-
acceleration linac for the bunch length compression. Furthermore a 
10 GeV electron linac is necessary for the positron generation. 

The ATF is planned to be an accelerator complex consisting of an 
1.5 GeV electron linac and damping ring to carry out various R&D 
w o r k s 3 . We are, however, tentatively constructing a 200 MeV S-
band linac, since a first phase of the ATF project, in the NIKKO 
experimental hall of the TRISTAN electron-positron collider, as we 
have no shielded room large enough to install the whole accelerator 
complex. 

As for the RF source for the ATF linac, we use SLAC 5045 
klystrons 4 which have been sent to KEK from SLAC by the US-JAPAN 
scientific collaboration agreement. Six 5045 klystrons are already in 
stock at KEK. Four klystron modulators were constructed and are in 
use. The waveguide system is so arranged that we can combine the 
output power of two klystrons in order to obtain as high a peak 
power as possible, say, 200 MW. 

The main linac will be operated at an X-band frequency of 
11.424 GHz 4 times the SLAC S-band frequency 2856 MHz. But the 
S-band frequency too will be employed for the various pre-
accelerators as shown in Fig.l. Hence we are developing high power 
klystrons for both the S-band and X-band frequencies using the 
modulators prepared for the 5045 tubes. 

Using the combined 5045 output power we are continuing high 
gradient tests until we complete the development of a first series of 
X-band klystrons. Study of X-band accelerating structures is under 
way regarding the fabrication technique and computer simulation of 
higher mode characteristics. 
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Other R&D studies in conjunction with the ATF construction are 
the design of the damping ring, development of an RF gun as a low 
emittance electron source, design of the final focus system and 
analysis of beam dynamics in the linac and at the beam collision. 

In the following I will dwell on particularly the present status 
of the development of the RF source and accelerating structures. 

Table 1 Design Parameters for Japan Intermediate Energy Collider 
JILC 

Global Parameters 
Beam energy E 200+200 GeV 
Repetition frequency f rep 200 Hz 
Number of particles per bunch N l .OxlO 1 0 

Number of bunches per RF pulse Nb 10 
Beam power per beam Pb 0.64 MW 
Normalized emittance Exn/ey n 3 x l 0 " 6 / 3 x l 0 - 8 rad.m 
Luminosity L 3 . 1 x l 0 3 3 c m _ 2 s e c _ 1 

Beam-beam Interaction 

R.m.s. beam size at LP. * * 0" la x' y 
290/2.2 nm 

Aspect Ratio R 132 
R.m.s. bunch length «z 60 mm 
Beamstrahlung parameter T 0.20 (average) 
Average energy loss by beamstrahlung 7 .1% 
Final Focus System 

Beta function at IP fC'Py 11/0.05 mm 

Total length 193 m 
Distance between the last quad and IP 1.0 m 
Pole tip field of the last quad 1.4 T 
Half aperture of the last quad 0.96 mm 
Crossing angle 2.14 mrad 
Main Linac 
RF frequency frf 11.424 GHz 
Accelerating gradient G 100 MV/m 
Bunch spacing tb 1.40 nsec 
Structure length 0.866 m 
Accelerating mode 2n /3 
Filling time Tf 90 nsec 
Attenuation parameter X 0.50 
Normalized elastance SO 0.71 Vm/pC 
Extraction efficiency ^b 1.65 %/bunch 
Beta function at E=10GeV 
Energy difference for BNS dampi 

P(s) 
ng 

3.0 m 
±0.3% 
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§2 RF Source 
S-band klystron development 
For a given gradient in the accelerating structure the RF energy 

is inversely proportional to the RF frequency. Therefore a higher 
frequency is desirable for the main linac. But for the pre-
accelerators the well established S-band linac is the best choice 
because their overall length is very small compared with that of the 
main linac and also only moderate gradients are required. 

The SLAC 5045 tubes, being used at SLC at a rating of 67 MW 
peak power in 4 p. sec pulses, are the largest S-band klystron in 
practical use at present. On the other hand a 30 MW klystron used 
for the 2.5 GeV injection linac for the TRISTAN storage ring has been 
the largest one in Japan, which is, however, not entirely satisfactory 
with respect to the performance at high voltages. Therefore we 
started in 1988 development of a new tube called E3712 with the 
designed outputs 100MW for 1 psec pulse and 80 MW for 4 u,sec 5. 
The details of design parameters are given in Table 2. 

In the design we have incorporated the following important 
features. The diameter of the cathode is 90 mm, the same as that of 
the 5045 tube, but the surface field of the gun electrodes was made 
as low as possible by use of a computer code High Speed Charge 
Simulation Method developed by S. Sato et al 6 . A conventional 
barium impregnated cathode is used which is coated with scandium. 
The beam focus properties were evaluated by a code EGUN 
developed by W. B. Herrmannsfeldt7. The beam diameter is 22 mm 
with a focusing field of 1360 gauss. For the RF section design we 
fully employed a 2 - dimensional computer code F.C.I. ( Field Charge 
Interaction ) developed by T. Shintake8. An RF section with five 
cavities is chosen with the distance between the input and output 
cavities being 624 mm and the beam drift tube 33 mm in diameter. 
We also simulated a section of six cavity type but could not get any 
improvement in the efficiency and gain. The output cavity has two 
irises 180 degrees apart for coupling to the external waveguides. 
This would make the field at the cavity gap more axially symmetric 
than the conventional single iris cavity and the beam would be less 
deflected. The surface field of the gap of the output cavity is made 
less than 45 kV/m for the maximum output. 

The first tube was tested in March 1989 and a peak output 
power of 72 MW was attained, but the ^ar- was broken then because 
of operational failures. The second tube was tested in October 1989, 
which satisfied the above specification. For the short pulse mode the 
100 MW output was attained with the beam voltage 444 kV and 
beam current 535 A ( efficiency =42.1 % ) at a repetition rate of 10 



Hz, while for the long pulse mode the peak power 80.6 MW was 
attained with the beam voltage 391 kV and current 440 A ( 
efficiency = 46.8 % ) at the same repetition rate. In either case we 
did not detect any indication of unstable oscillations in the output 
waveform 9 . 

Table 2 Specification of E3712 pulsed klystron 

pulse mode long short 
peak RF power 80MW 100 MW 
RF pulse width 4.0 u,s 1.0 ^s 
beam voltage 375 kV 450 kV 
beam current 460 A 604 A 
peak beam power 173 MW 272 MW 
efficiency 46% 39% 
perveance 2x l0" 6 AV-3 /2 2xlO" 6 AV-3/2 
average beam power 56 kW 48 kW 
repetition rate 50 pps 50 pps 
drive RF power 300 W 375 W 
gain 54.3 dB 54.3 dB 
frequency 2856 MHz 2856 MHz 

X-band klystron development 
The parameters of Table 1 for JILC require a peak power of 150 

MW for each structure 87 cm long of the main X-band linac. If we 
assume the same perveance and efficiency as those of the E3712 
tube, the beam voltage should be as high as 530 kV and the beam 
current 770 A. In order to keep the efficiency at the same level, 
however, we must make the beam diameter as small as 5.5 mm, 
because the RF wavelength becomes one fourth. On the other hand 
the emission from the cathode is desired to be 10 A/cm2 at most lest 
the cathode life be too short. Hence the cathode diameter must be 
enlarged to 10 cm. Then the ratio of the beam diameter to that of 
the cathode is so small as 5.5/100 and the design of the beam 
convergence at the gun region will be very difficult, not to mention 
the fact that the focusing field is about four times larger, or several 
kilo-gausses. 

Taking these situations into account we started first the 
development of a mediocre diode tube to check basic operational 
features of the cathode assembly for high voltage operating 
conditions. Therefore the tube structure was so designed that it is 
not of a sealed-off type but a demountable one. Furthermore, we 
introduced a cathode which has been recently developed by a 



company in Japan. It is an iridium-coated dispenser cathode 50 mm 
in diameter, which is expected to be operated at a lower cathode 
temperature and hence have a longer life time than conventional 
impregnated cathodes 1 0 . 

The tube is called type XB-50-D, the main parameters of which 
are listed in Table 3. The test of the first tube was started in August 
1989 with one of the modulators of ATF. After carrying out several 
hours of high voltage conditioning with the heater power off, high 
power conditioning was followed at a repetition rate of 2 Hz. A beam 
voltage of 367 kV was reached with an integrated conditioning time 
of 25 hours The perveance was found to be quite close to the 
designed value. 

We are in parallel manufacturing two further variations of the 
type XB-50. One is also a diode but has beam scrapers in the drift 
tube in order to check whether the beam size is in accordance with 
the simulation. The other is a klystron ( XB-50-K ) with the RF 
section designed with the F.C.I. code.The F.C.I, simulation suggests us 
that a peak power of 32 MW or 42 % efficiency will be achieved at 
450 kV. In order to increase the power we are designing a series of 
tubes with the cathode diameter enlarged up to 65 mm ( type XK-65 
). The perveance would be larger by 70 % and we can expect the 
peak power of 55 MW for the beam voltage 450 kV. This is, 
however, still much lower than the required peak power of 150 MW. 
Therefore we must develop tubes with still larger cathode 
dimensions and test them at higher beam voltages although the 
radiation from the collector would become a serious problem. 
Furthermore we may have to consider some kind of RF pulse 
compression system. 

Table 3 Specification of XB-50-D pulsed diode 1 1 

peak beam power 76.5 MW 
pulse width 1 u.sec 
beam voltage 450 kV 
beam current 170 A 
perveance 0 . 5 6 x l 0 - 6 A V " 3 / 2 

focusing field 3 kGauss 
calculated beam diameter 7.0 mm 

RF Pulse Compression 
An RF compression method proposed by Z. D. Farkas 1 2 makes 

use of two identical klystrons whose outputs are combined in the 
following way. When, for instance, the peak power is to be doubled 



by compressing the pulse length into half, the RF phases of the two 
klystrons are made the same for the first half of the output pulse, 
while for the second half the two phases are made different from 
each other by 180 degrees. The two outputs are combined in a magic 
T where the first half of the pulse comes out from one output port, 
while the second half from the other. If we transmit the first half 
pulse through a waveguide which has an additional delay equal to 
the pulse length, we can combine the two pulses at the same time 
and double the peak power. A key element in this system is the 
delaying waveguide which must have a sufficiently low attenuation. 
We get the lowest attenuation for a circular cylindrical ' • . i / ^^ . - ' -
operaring in the TEoi mode. The ( voltage ) attenuation constant a 
for a room-temperature copper cylinder with radius a and length L 
is given by 

ocL = 0.334 (ac/a)2 
at 11.4 GHz with a c the cutoff radius for the mode which is 

equal tol.60 cm in this case. The length L for a pulse width T is 
given by 

L = cT{ 1 - (ac/a)2 }l/2 
where c is the light velocity in vacuum. T is in our case equal to 200 
nsec. If the power loss should be as low as 10 % or aL be 0.05, a 
becomes 4.14 cm and L 55 m. The waveguide should be evacuated 
for transmission of high peak powers. It would be, however, very 
clumsy to install such a system for every 0.9 m long accelerating 
structure. 

§3 Accelerating Structure 
The R&D with regard to the accelerating structure has covered 

the high gradient experiment, calculation of cavity modes and 
damped-cavity study. 

High Gradient Experiment 
The designed gradient 100 MV/m is at least several times 

greater than those found for present-day conventional electron 
linacs. The experiment has been carried on at S-band because we do 
not yet have any high power RF source at X-band. When only the 
Photon Factory 30 MW S-band klystrons were available, a 3-cell 
disk loaded structure with the input and output couplers was tested 
by piling up the klystron output power in a resonant ring 13. Though 
the maximum gradient 100 MV/m was attained in the 2rc/3 
traveling wave mode, the flat top was too short for detailed analyses 
because the rise time of the ring was almost equal to the RF pulse 
width. 



Since the 5045 tubes became available, the experiment has 
been done directly with the klystron output pulse to avoid the above 
problem. As the 5045 tube is guaranteed for a peak output of 100 
MW for the 1 usee pulse width, we set up a waveguide system to get 
200 MW peak power by combining outputs of two tubes. We tested 
a 2jt/3 mode constant gradient structure 60 cm long made of an 
OFHC copper, in which 100 MV/m is expected when driven with the 
200 MW peak input power. 

The main issue in this experiment has been to measure field 
emitted currents depending on gradients and conditioning hours. At 
both the upstream and downstream sides of the structure we 
installed Faraday cups and current transformers to monitor the field 
emission. At the downstream side we placed also a fluorescent 
screen to monitor the beam profile and an energy analyzing bending 
magnet. After a conditioning 430 hours long with 25 Hz 1 u.sec 
pulses the peak input power reached 64 MW which corresponds to a 
gradient of 57 MV/m. The field emitted dark currents are found to 
obey the Fowler-Nordheim relation with the field enhancement 
factor being about 30 ± 5 for both the upstream and downstream 
sides. The current shape had narrow spikes of a few hundred 
nanoseconds which are thought to be due to local RF breakdown. The 
energy spectrum had an eminent peak at around 3 MeV with a 3 
MeV FWHM with a slope extending up to 32 MeV. The peak is 
possibly due to discharge in the output coupler. 

At this stage we opened the structure to inspect the inside 
surface and found pits due to RF breakdown around the iris of the 
disk. The number of pits was remarkably larger for a few disks near 
the output coupler. 

X-band Structure Study 
Tentative tests were carried out for fabrication of OFHC copper 

cavities whose dimensions are just a quarter of those for an S-band 
structure. Using a conventional lathe we obtained machining 
accuracies on the order of ± 5 u.m and 0.1 to 0.2 u.m surface 
f in i shes 1 4 . Brazing test was also carried out for several units of the 
cavity. We tried also an electroforming method 1 5 for a three cell 
structure scaled down to the X-band wavelength of a shape similar 
to that of the UHF superconducting cavity used at the TRISTAN main 
ring. We baked it to release the stress and measured the resultant 
frequency shift, which was found to be about 5 MHz. 

For a linear collider the emittance growth in the long linac 
should be suppressed as small as possible. A major cause of the 
growth is wake fields which, being excited by leading particles, 
deflect following ones. The magnitude of a wake decreases very fast 



as the disk aperture becomes larger. But at the same time the peak 
RF power for acceleration becomes larger. We should make a 
compromise for the aperture radius and also investigate measures to 
reduce the wakes or their effects on the beam. For the JILC beam 
parameters the transverse beam blow-up of a single bunch due to 
short range wakes would be suppressed enough by the 6NS damping 
method 1 6 . As Table 1 shows, however, we will accelerate 10 bunches 
in a pulse and must consider the effect of long range wakes which 
would affect the motion of following bunches. For our design the 
space between bunches is 1.4 nsec which correspond to 16 periods 
of the acceleration RF frequency. For this time scale the main 
component of the wake would be the TMn field. One way to reduce 
its effect is to adjust the TMn mode frequency so that each bunch is 
at the node of the TMn field generated by its precedent bunch 1 7 . 
Another way is to make the structure dispersive with respect to the 
m o d e 1 8 . In this case the TMn field in each cell oscillates in a 
different phase at the instant when a following bunch passes by and 
the net effect integrated along the structure can be cancelled out. At 
any rate we have to know exactly the magnitude of the wake for a 
structure where many cells are strongly coupled together. To this 
end the evaluation is being carried on by using computer codes such 
as URMEL1? and TBQpO. 

For the accelerating mode we are calculating various properties 
by changing the beam aperture radius and disk thickness not only 
for the 2JC/3 mode but for other modes with larger phase advances. 
In this calculation we hope to optimize the structure with a smaller 
group velocity which allows a smaller peak input RF power per 
structure. This can be considered as another way for the RF pulse 
compression. 

Damped Cavity Study 
Another promising way to kill higher order modes is to use the 

damped cavity in which external Q values are made as small as 
possible for the higher order modes, while that of the accelerating 
mode is kept unaffected at a l l 2 1 . At the side wall of each cell 
waveguides are attached which absorb higher order mode powers 
but are at the cut-off for the fundamental mode. In order to enhance 
the coupling for transverse modes, each disk is cut out radial slots 
which, having a negligible effect on the wall current of the 
cylindrically symmetric accelerating mode, disturb strongly that of a 
transverse mode and play as antennae for the external waveguides. 
The coupling is also adjusted by the size of a window which links the 
slot and the waveguide at the cavity boundary. 



A 3D code MAFIA 2 2 has been extensively used to calculate not only 
the field pattern but also the external Q values for this cavity 
configuration 2 3 . For slots which reach the beam aperture a Q value of 
10 was easily obtained for the TMn mode. For slots which are 
terminated just before the aperture the Q value was three times 
larger for a given window size, but it seems possible to get 10 by 
further calculations. For the latter case the beam aperture retains 
the smooth circular shape which is more favorable for high gradient 
operations. 

§4 Other Activities 
Besides the RF source and structure studies our activities 

include 
- experiments on RF gun 
- design of 1.54 GeV damping ring 
- design of final focus system 
- parameter optimization 
- experiments on alignment 
- design and experiments on TBA system 

Their details would be given in other papers of the present 
proceedings and are not described here. One important item yet not 
included in the above is the R&D of the beam monitors which we 
hope to start as soon as possible. 

§5 Conclusion 
The most important aspect in our R&D of the linear collider is 

that first of all we are developing conventional klystrons as the RF 
source for the X-band main linac. As discussed above, however, 
there will be still a gap of a factor of about two between the single-
tube output power and that necessary for a unit structure being 
operated at the 100 MV/m gradient even if we endeavor to increase 
the perveance and the operating voltage of the klystron. 

The RF pulse compression methods including the reduction of 
the group velocity in the accelerating structure may be 
straightforward ways to solve this situation although the huge 
waveguide delay line seems impractical. A second way is to develop 
a new kind of RF tube with large perveances like the cross-field-
amplifier ( CFA ) 2 4 . But the spectral purity and operational stability 
of CFA remain yet very unclear. We have not enough personnel to 
undertake its R&D seriously and may have to consider some 
international collaborations on this subject. A third way is to 
evaluate very exactly the emittance growth in the main linac due to 
the wake potentials, misalignment of various components and jitters. 
This vill enable us to choose disk loaded structures with smaller 
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beam aperture. Then the shunt impedance could be larger and the 
peak RF power smaller by a few tens of percent not to say 100 %. 
We think the R&D in this direction is very important above all. 
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Figure 1 Schematic diagram of a linear collider system. The 10 GeV 
pre-acceleration linac followed by the bunch compressor ring is 
particularly too schematic in this figure. In an actual design the 
bunch will be compressed in two stages with 5 GeV linacs. 



Final Focus Test at KEK 

KATSUNOBU OIDE 

KEK, National Laboratory for High Energy Physics 
Oho, Tsukuba, Ibaraki 305, Japan 

The most challenging aspect of the future linear collider of TeV region (JLC) 
is its nm-spot size. A spot size of 210 nm by 1.7 nm at the interaction point(IP) 
is necessary to get a luminosity near 1 x 103 4 c m - 2 s - 1 . As well as a new optics 
design, new technologies of alignment methods, beam diagnostics, and tuning 
procedures is necessary to be developed to realize this spot size, which is about 
1/1000 of the SLC spot size in the vertical dimension. An intermediate step from 
the SLC to the future linear collider is the SLAC Final Focus Test Beam (FFTB),"1 

which intends to test 1 /mi by 60 nm beam size in a few years. 

FFT/KEK SLAC FFTB JLC 

Beam energy E 1.54 50 500 GeV 

Invariant omittances £ N X 
3 x 10~6 3 x 10- s 3 x 10~6 m 

£Ny 3 x 10- 8 3 x 10- 6 3 x 10- 8 m 

Beta functions at IP w 14/0.08 5/0.1 14/O.0S mm 

Spot sizes at IP <K 3900/30 1000/60 210/1.7 nm 

Length of the free area £* 1 0.4 1 m 

Length/beam L 29 200 365 m 

Momentum bandwidth Xm ±1.0 ±0.4 ±0.6 % 

Bunch length O-z 800 500 60 pm 

Table 1. Parameters of FFT/KEK, SLAC FFTB, and JLC. 



A test of the final focus similar to the FFTB is also possible using an extracted 

beam of the damping ring for the JLC. * Table 1 shows the comparison between 

the Final Focus Test at KEK (FFT/KEK) . This final focus lest will have a spot 

size about one order higher than the JLC, and be very suitable to develop the new 

technologies for the JLC. 

Figure 1 shows the design of FFT/KEK. This design has the same strategy 

as that of the JLC, which is the non-interlaced two-family sextupoie chromaticity 

correction scheme. The fi functions at the IP is chosen to be equal to the JLC's. 

Note that the bunch length is longer than the /?*, so this optics is only suitable 

for the focusing test, and not for an actual collider. A bunch compressor is needed 

between the damping ring and F F T / K E K to achieve the bunch length and the 

momentum spread. 

FIGURE CAPTIONS 

1) Design of the optics for the Final Focus Test at KEK. The \f%, y/Pi,, and 

7/ are shown in solid, dashed, and dot-dashed lines, respectively. The focal 

point is located at the right end. 
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A Two Beam Accelerator Based on the FEL 

Shigenori Hiramatsu 
National laboratory for High Energy Physics 

1-1 Oho, Tsukuba, Ibaraki, 305, Japan 

INTRODUCTION 

A high ower rf source is one of the most important key issues for a future high 
energy linear collider in the TeV region. To obtain a high accelerating gradient, de
velopment of X- or K-band GW-class microwave source is required. As the generation 
of 1 GW microwave at 35 GHz by a free electron laser (FEL) 1 was demonstrated at 
Lawrence Livermore National Laboratory (LLNL) in 1985, the microwave FEL driven 
by an induction linac is one of the most promising device for the GW rf source. In 
1982, A.M.Sessler proposed the two beam accelerator concept employing the multi
stage FEL 2 for the high gradient linac with an accelerating gradient of a few hundred 
MeV/m. In the first version of the TBA concept employing the multistage FEL which 
consists of energy recovery induction units and steady state FELs in a periodic config
uration, there were some difficulties in the rf extraction, the rf power transfer between 
each FEL section passing through the induction gaps of the energy recovery unit, and 
the accumulation of the rf phase error along the multistage FEL structure. To over
come these difficulties, a second version of the TBA concept employing klystron-type 
FELs (KFEL) was proposed in 1988 3. In this scheme, the rf power in each FEL stage 
is not transferred to the next stage and is completely extracted at the end of each FEL 
stage, and the input rf signal for each FEL is supplied by an individual rf source, for 
example a klystron of lOOkW-lMW driven by a well controlled rf clock. 

In the second version TBA concept, although the difficulties in rf manipulation 
have almost disappeared, the somewhat complicated problem of the rf phase error 
accumulation still remains to be solved. Extensive theoretical work has been done 
on this problem at LBL 4 and KEK 5 , and the two most important characteristics, 
the longitudinal stability of the driving beam and the rf phase stability, have been 
manifested by the macroparticle model. This enables us to design a 500GeVx2 linear 
collider in the TBA/FEL scheme. However, it is expected that a fractional beam loss in 
the bunching process may cause rf phase fluctuations exceeding the rf phase tolerance 
in a linac.Furthermore investigation of this problem needs more theoretical work and 
probably a test stand which consists of several stages of KFELs and energy recovery 
induction units. 

Another key issue for the TBA/KFEL is long distance propagation of a multi-kilo-
ampere electron beam for driving the FEL. In order to save on construction costs and 
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operation costs, a multi-stage KEFL configuration requires more than one hundred 
FEL stages and this means a propagation of the driving beam over a few hundred 
meters. For the high current beam propagation, a strong resistive wall instability and 
a beam break-up instability (BBU) especially due to the periodic impedance structure 
by the energy recovery induction units are expected 6. One of the promising methods to 
suppress these instabilities is to introduce a nonlinear focusing force by laser assisted ion 
channel focusing. The ATA induction linac at LLNL demonstrated the 95m distance 
propagation of a 7kA electron beam in the ion focusing regime ( IFR) 7 . Although the 
IFR has some complicated problems associated with a hose instability and emittance 
growth of the driving beam, the experimental investigation on the IFR is going on at 
the KEK FEL test stand. 

A R/D work for the linear collider in the TBA/FEL scheme started at KEK and 
a single-stage X-band FEL which is driveu by an induction accelerator energized by 
magnetic pulse compressors has been constructed for investigation on the FEL per
formance related to the future linear collider 8. A preliminary experiment on the IFR 
feasibility has been demonstrated in this test stand 9 and a rf amplification experiment 
is now in progress. 

A SINGLE-STAGE X-BAND FEL TEST STAND AT KEK 

A single-stage FEL test stand for 9.4GHz microwave amplification has been con
structed at KEK (Fig. 1). An SOOkeV electron beam is generated using a field emission 
cathode on which a high voltage pulse with 90nsec duration is imposed by four 200kV 
induction units energized by two magnetic pulse compressors. A 2m long beam trans
port line for the IFR experiment and a 2m long FEL wiggler are connected to the beam 
generator. A linearly polarized wiggler which consists of 48 air-core solenoids has 12 
periods of 16cm period-length and each period is energized individually for tapering 
the wiggler field. Table shows the design parameters of the test stand. 

Magnetic compressor 

Figure 1. A single-stage X-band FEL test stand at KEK. 
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Table 

Design parameters for a. X-band 300MW single-stage FEL 

Wiggler Length Liw 1.92m 
Injection Energy 7J 3 
Ejection Energy 7/ 2 
Wiggler Peak Field Bw 1.23kG-0.59kG (tapered) 
Wiggler Period •Au; 16cm 
Radiation Frequency / , 9.4GHz 
Input rf Power ptn 50kW 
Output rf Power pout 300MW 
Wave guide Size axb 5.5xllcm 2 

Mode Used TE01 

Energy Spread A7/7J 10-15% 
Normalized Emittance £71 < 10- 2-10- 3mrad 
Beam Current 1B lkA 

A 300MW rf output is expected with an input power of 50kW from the magnetron 
by the lkA driving beam with a normauzed emittance of less than lcm-rad and an 
energy spread of A7/7 <15%. Figure 2 shows the evolution of the rf power in the 
tapered wiggler expected from the simulation code which includes betatron oscillations 
and longitudinal space charge effect in the driving beam. 

WIGGLER DISTANCE tM) 

Figure 2. Evolution of rf power in the FEL wiggler. 
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L a s e r / O F F L a s e r / O N 

Figure 3. Beam transport by a laser assisted ion channel focusing. 

For the beam current of840A, the normalized emittance of 0.41cm-rad was obtained 
by using a velvet cloth of 50mm in diameter as a cathode. A preliminary IFR exper
iment has demonstrated the transportation of a 1.3kA electron beam through a 2m 
long ion channel without any external magnetic field ao shown in Fig. 3, where a 2kA 
electron beam was injected into the plasma channel made by irradiation of the diethyl-
aniline gas filled in the transport line at the pressure of ~3X10~ 4 torr by a lOOmJ KrF 
excimer laser. The space charge of the beam head repels out the plasma electrons from 
the channel and the following part of the beam is guided by the remaining ion channel. 
At present, the experiment on rf amplification is still in progress. 

LINEAR COLLIDER IN THE TBA/FEL SCHEME 

The FEL driven by a multi-kilo ampere electron beam from the induction linac 
can generate rf power of order of G W capable of producing an accelerating gradient of 
several hundred MeV/m in a linac. The rf breakdown limit in the linac is expected to be 
higher than lGV/m at 30GIIz'° so that we can use the accelerating field of 300MV/m 
at 17 GHz. To reduce the local voltage in the linac, the attenuation parameter r should 
be less than 0.9, and the restriction on the filling time Tj due to the induction iinac 
requires a rf frequency of less than 18GHz. The choice of the rf frequency of 17GHz 
seems to be adequate for these requirements. Because the filling time Tj is strongly 
limited by the short pulse duration of the FEL driving beam (~100nsec), 7} is assumed 
to be 90nsec in this design. 

The optimization of the required rf power in a linac has been done by using the 
expression developed by Z.D.Farkas 1 1 , and shows that the peak power in a unit length 
of the structure is minimized and is given as follows. 
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Pn T 2 / 3 I 

( 7 ^ ™ = 0.703 ^/Tf(ns)[E0(GV/m)r (GW/m) 

This equation shows the minimum peak power for the case of a/A = 0.0939, where a 
and A are the cavity aperture and the wavelength, respectively, and the group velocity 
in the unit of light velocity is taken to be vg/c = 0.809%. A small group velocity 
requires a short accelerating structure because of a small filling time. Furthermore, 
a small a/A is not desirable to avoid the transverse-wake effect. The most significant 
parameter is a/A which should range from 0.094 to 0.163 in order to minimize the peak 
power requirement. According to this range, we take a/A = 0.134 which provides a 
section length of 75cm. This design fits a practical FEL period length, 3m. The output 
power larger than 2.6GW should be generated in each FEL stage and divided into four 
to produce an accelerating field of 300MV/m in the 75cm accelerating structure. 

50DGcV LINAC 
UOOMcV/m) 

HIGH ENREGY 
BEAM * - = £ 

HIGH GRADIENT LINAC ( ~ 3 0 0 M c V / t n ) 

BUNCHER FEL 
RF 17GHz 
~ 2.E GW 

KrF EXCIMER / L „ = 3 . 9 m \ 
LASER FOR IFR \B„= 3.B K G / 7 

jJQj~w" 
[INDUCTION LINAC | y » n i 

(~UMcV,«KA) y 
WIGGLER 

7^ / I INDUCTION 

& m n s A 
CV (250 KV«) VS 

LJI 1UUUI * = -

1 ' ' ' ' FEL DRIVE 
BEAM 

/—12.5 M«V\ 
^ 2.6 KA I 

(Xw>26em \ 
L w » l . 3 m ) 
B» =3.8-3.4/ 

KLYSTRON 
(-100 KW) 

Figure 4. Conceptual design of the 500GeVx2 linear Colhder. 

Figure 4 illustrates the conceptual design of the 500GeVx2 linear collider in the 
TBA/FEL scheme employing the multi-stage KFEL, which is driven by an induction 
linac of E0 ~ 14MeV with ~100nsec pulse width. Since the multi-stage FEL perfor
mance is made efficient by driving a bunched beam, a buncher FEL which consists 
of a non-tapered wiggler is placed at the upstream of the normal FEL sections. This 
wiggler provides rf power enhancement and longitudinal stability of the driving beam. 
The wiggler field in each normal FEL section is regularly tapered according to the 
macroparticle analysis to satisfy the longitudinal stability condition. A decrease of the 
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driving beam energy, A £ = l M e V , which goes into the rf power in each FEL, has to be 
recompensated by employing an induction accelerator unit. A period of the FEL stage 
has the length of 3m, in which 1.3m is occupied by the wiggler magnet and the remnant 
is reserved for both the energy compensation induction unit and the instruments for 
rf/beam monitors. An electron beam of about 4kA from the induction hnac is injected 
to the first stage of the multi-stage FEL. Although a part of the injected beam will 
be lost gradually by the bunching process in the first 15-20 FEL stages, the remaining 
2.6kA beam will be propagated stably to the end of the multi-stage FEL and a 17GHz 
microwave of about 2.6GW will be generated at each FEL stage. 

STABILITY OF THE MULTI-STAGE KFEL 

The capability of the multi-stage FEL as a rf source for a linac is strongly dependent 
on the stable rf generation in each FEL stage. The fluctuations in the rf power and 
phase cause the difficulties in the desired collider performance, especially in the energy 
acceptance (AE/E)j of the final focus system. One of the typical design examples of 
the high luminosity final focus system shows that the energy spread of the linac beam is 
desired to be less than ±0.3% for a 300mx2 final focus length 1 2 . This small acceptance 
imposes a very strong stability condition on the rf phase fluctuation. For example, a 
small phase fluctuation A<f>s less than ±4.4 degrees is desired for each multi-stage FEL. 

To manifest essential features of the longitudinal stability and output rf phase's 
sensitivity against injection errors of the driving beam, we have developed extensive 
computer simulations and the macroparticle analysis where the gain of a KFEL has 
been proved to be dominated by the universal gain equation 5: 

/ ' = -Je-*y-(y>y + e-2y - 2(y')2 

where y is proportional to the normalized signal field e s and primes represent the 
derivative with respect to the normalized wiggler distance s. The macroparticle ap
proach in Ref. 5 gives the spatial evolution of beam energy, pondermotive phase, and 
output rf phase in recursion form from period to period. Assuming a current error 
A J = J — JQ and an error of the injection energy S0 = 7 — 70, the recursion formula 
for a small deviation Sn from the design value 70 at the n-th FEL stage is rewritten in 
a linearized form of: 

^ = (l-^o + A(^)]-(^)(^) 
ft J0 H Jo 

2 A 7 r l + $ Ueaw2 , , 

la 

and the rf phase in the n-th stage is given by 
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Where J is the beam current density, Lw is the wiggler length, A7 is the energy gain 
in a energy recovery unit, - | 6(7") | Lw is the rf phase-advance through the n-
th wiggler, and A<j>s is the initial phase, respectively. The small energy deviation is 
known to reach an equilibrium state, —(Aj/fi)(AJ/Jo) when the stability condition 
of 0 < (i < 2 is satisfied. This yields a shot-to-shot fluctuation in the output power 
of AJ/HJQ. This means the current fluctuation of the driving beam must satisfy the 
condition of AJ/J0 < 2(i(AE/E)fN^2 SS ±0.6# 1 / 2 %, where N is the number of the 
multi-stage FELs (N=6 in this design). 

Figure 5 demonstrates how the energy deviation is damped for AJ = 0 and Figure 
6 shows a stable region represented by a wiggler field and an energy gain in the energy 
recovery unit. If the multi-stage FEL is designed to be \L ~ 1, this energy oscillation 
damps within a few FEL stages. The output rf power is also stabilized in a similar 
way. 

> , « • < • 

1 1 *\S y r v y 1 • 1 - • • 1 

: 1 -

^ \ \£s -

- UNSTABLE * STABLE \ ^ > UNSTABLE -

1 1 . * f S 1 1 1 1 1 1 "1 — T - 1 
-

0.26 
b««l/k«r. 

Figure 5. Energy deviation damping 
in the multi-stage KFEL 

Figure 6. Stable region of 
the multi-stage KFEL. 

However, the transient process between the buncher FEL and the normal FELs has 
been demonstrated only by a computer simulation, and which shows that a fractional 
part of the driving beam is lost gradually along the multi-stage FEL due to phase-
space miss-matching caused from the long tail generated in the buncher FEL (Fig. 7) 
and the beam current reaches to its equilibrium value after the first 15-20 FEL stages. 
These losses have to be constant in order to get a constant phasing of the rf signal. 
Eventually, the conversion efficiency from the beam power to the rf power will reach 
more than 84% for a 100 stage KFEL. 

— 22 — 



72 Stage No, 

Figure 7. Trapping efficiency of the driving beam in the multi-stage KFEL. 

Although the fluctuations in the pondermotive phase and rf phase tend to decrease 
associated with stabilizing of the energy, the shift in the rf phase <f>, is inevitable due 
to a combination of the phase advance in the wiggler and the initial conditions. After 
the beam current reaches to its equilibrium state, the rf phase deviation is insensitive 
to AJ, for example, A<f>, is less than 1 degree for A J / J 0 = 10%. However, the major 
cause of the phase fluctuation is due to beam loss in the bunching process. A typical 
computer simulation shown in Fig. 8 expects a rf phase fluctuation of about 10 degrees 
for a 0.3% deviation of the beam current from the injector. A detailed experimental 
investigation is desired on this problem. 

-T—i—i—i—i—i—i—I—i—i—I—i—I—r" 
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Figure 8. Evolution of rf phase in the multi-stage KFEL. 
A current error of A J/ J=0.3% in the injection beam 

causes about 10° phase deviation. 
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SUMMARY 

A 500GeVx2 linear collider in the TBA/FEL scheme has been designed. The linac 
size can be reduced to about 1.7km by employing six FEL complexes as the high power 
rf sources. The high power of 2.6GW at 17GHz is not difficult to generate if we take a 
FEL which is driven by an induction linac of 14 MeV. A combination of the induction 
linac and the energy recovery units are energized with the magnetic pulse compressors 
at a repetition rate of more than 1kHz and promises a luminosity of > l x l 0 3 3 c m - 2 s e c - 1 

in a single bunch operation. As for the long distance propagation of the high current 
driving beam, the nonlinear focusing by the IFR is desirable to suppress the strong 
resistive wall instability and BBU. Detail investigations about the hose instability and 
the emittance growth associated with the IFR are desired to establish the TBA/FEL 
concept. 

In the single-stage FEL test stand at KEK, a preliminary experiment in the IFR 
has been demonstrated using an 800keV electron beam from the induction accelerator, 
where about 1.3kA electron beam was guided through the 2m long ion channel without 
any external magnetic field. In the near future, rf amplification by the FEL is expected. 

This work is being done in collaboration with Dr. J. Kishiro, Dr. K. Takayama, 
Dr. T. Ozaki, Mr. K. Ebihara, Mr. T. Monaka and Prof. Y. Kimura of KEK, and 
Mr. H. Kurino of Tohoku University. 
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JLC BEAM DYNAMICS 

K.Yokoya. KEK 

General Parameters 

We have been discussing for some years on possible parameter sets of JLC. Al
though further studies are obviously needed, we believe the parameter set so far 
obtained is not far from optimum. Fundamental parameters are the following. 

We have chosen the X-band rf frequency / r / =11.4 GHz, four times the S-band 
SLAC frequency after consideration of the technical feasibility of the rf source and 
accelerating structure and of the beam stability in the linac. The accecelerating 
gradient of lOOMeV/m and the repetition frequency of 200Hz are tentatively assumed. 

The iris aperture of cavities, which is an important parameter for determining the 
accelerating efficiency and the beam stability, is assumed to be a = 0.14Ar/=3.67mm. 
Within one rf pulse 10 bunches with 1.4 nsec time separation in between will be 
accelerated. 

Major parameters are given below. Details will be given in the summary talks of 
the subgroups. There can be some minor differences due to the up-to-date levels. 

JLC PARAMETER LIST 

Global Parameters 

Beam energy 
Repetition frequency 
Number of particles per bunch 
Number of bunches per rf pulse 
Beam power per beam 
Normalized emittance 

R. m. s. bunch length 
Luminosity 

Beam-Beam Interaction 

R. m. s. beam size at IP <r'J<rl 490/3.5290/2.2 230/1.4 ran 
Aspect ratio R = oZ/ay 
Disruption parameter Dx 

Dv 

Critical parameter of beamstrahlung T m < u c 0.11 0.45 1.12 

E 50 200 500 GeV 
/rep 200 - Hz 
AT l.OxlO 1 0 - -
Nb 10 -
PB 0.16 0.64 1.60 MW 
e*n 3 x l 0 " 6 - - rad.m 
€yn 3xl0~ 8 - - rad.m 
O-z 40 60 76/tm 
L 1.4 3.1 6.2 x l O M /cm 2 

140. 132. 166. 
0.094 0.103 0.082 
13.3 13.5 13.5 
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Average energy loss by beamstrahlung 
Number of phot ons per electron 
Crossing angle <f>a 

1.9 

20. 

7.1 14.3 % 
1.25 1.57 
8.0 6.0 mrad 

Final Focus System 

Beta function at IP 
Momentum acceptance 
Total length (per beam) 
Distance between the last quad and IP 
Pole tip field of the last quad 
Half aperture of the last quad 

P:/P; 8/0.04 11/0.05 14/0.05 mm 
Sp/p ±0.8 ±0.6 ±0.6 % 

223 365 m 
/* 1.0 

1.4 T 
1.0 m 

0.96 0.50 mm 

Main Linac 

Injection energy Ein 
lOGeV 

Accelerating mode 2?r/3 
Accelerating frequency frS 11.424 GHz 
Accelerating wave length Kt 26.24-mm 
Accelerating gradient Gaec 100. MeV/m 
Bunch spacing h 16 buckets = 1.40 nsec 
Bunch train length {Nb-l)h 12.6 nsec 
Initial r. m. s. energy spread (incoherent) 1.01 % 
Average ratio of iris radius to wave length a/Xrj 0.14 
Average group velocity / velocity of light P„ 0.032 
Structure length 99 cell = 0.866 m 
Filling time Tf 90 nsec 
Attenuation parameter T 0.50 
Normalized elastance so 0.71 Vm/pC 
Loss parameter of accelerating mode h 260 V/m/pC 
Single bunch extraction efficiency Vbl 1.65% 
Multi-bunch extraction efficiency Vb 15.1% 
Beta function P(s) 3.0 y/E/WGeV m 
Energy difference at ±l<rx for BNS damping Sesus T0.3 % 
Energy difference due to logitudinal wake 6EWL =F0.5% 

Preacceleration Linac 
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Injection energy Ein 1.54 GeV 
Final energy Efin lOGeV 
Accelerating mode 2ir/3 
Accelerating frequency Ui 2.856 GHz 
Accelerating wave length Kf 105.0 mm 
Accelerating gradient 36 MeV/m 
Bunch spacing h 4 buckets = 1.40 nsec 
Bunch train length (Nh-l)tb 12.6 nsec 
Initial r. m. s. energy spread (incoherent) 1.12 % 
R. m. s. bunch length <rz 

358 /tin 
Beta function 

<rz 

2.0 y/E/1.54GeV m 
Energy difference at ±l<r, for BNS damping 6eBNS T0.05 % 
Energy difference due to logitudinal wake f>ewL T0.14 % 

Damping Ring 

Type FODO arc + wiggler 
Beam energy E 1.54 GeV 
Number of electrons per bunch N 1.0 xlO 1 0 

Number of bunches per train Nb 10 
Bunch spacing h 2 buckets = 1.40 nsec 
Number of trains 10 
Bunch current h 2.18 mA 
Total current Itot 218 mA 
Space between trains for kicker rise time 61 nsec =18.2 m 
Circumference C 220 m 
Arc average radius R-av 17.0 m 
Total length of straight section 113 m 
Number of FODO cells in arc 48 
Length of FODO cell 2.226 m 
Length of a bend IB 0.659 m 
Bending Field BB 0.51 Tesla 
Hor/Ver tune VX/Vy 21.2/8.7 
Half aperture 10 mm 
0. at QF/QD 3.1/0.7 m 
/?, at QF/QD 2.9/8.4 m 
i/. at QF/QD 0.16/0.09 m 
Wiggler field (effective) **wig 2.0 Tesla 
Wiggler pitch ™viig 0.40 m 
Wiggler total length i-wig 70 m 
Normalized emittance o f injected beam (e + , fi i l l) €„.,-„ 1.0 xlO"2 
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Equilibrium normalized emittance ^xn/^yn 3.0 x 10" 6/3.0 x 10-" 8rad. 
Damping partition number Jx/Jy/J, 1/1/2 
Transverse damping time Tx 4.8 msec 
Equilibrium r. m. s. energy spread <TE 0.79 xlO- 3 

Momentum compaction factor ap 3.0 x l O - 3 

RF frequency frt 1.428 GHz 
RF peak voltage Vri 1.0 MV 
Synchrotron radiation loss per turn U0 0.47 MeV 
Synchrotron oscillation tune v. 0.017 
Equilibrium r. m. s. bunch length <*z 5.0 mm 
Impedance tolerance for bunch lengthning \Z/n\ 0.6 n 
Touschek life time TTou»h 20 sec 
Spin precession tune "jpin 3.500 

Damping Ring and the Intermediate Linac 

The beam energy of the damping ring has been decided to be 1.54 GeV after 
optimization such that the equilibrium horizontal emittance (normalized) is 3x l0~ 6 

rad.m and that the effective damping time is 0.5msec. The resulting bunch length is 
about 5mm and the energy spread is 0 .8xl0 - 3 . Since the required bunch length in 
the main linac is two orders of manitude smaller, we need a bunch compressor which 
gives 90 degree rotation in the longitudinal phase space. But, the energy spread 
after rotation will become 8% which cannot be accepted in the linac. Thus, before 
injection to the main linac, we need two bunch compressors and an intermediate linac 
in between. The energy acceptance of the main linac is estimated to be about 2% 
and, therefore, the injection energy must be higher than 5.5 GeV. The final energy of 
the intermediate linac wiU be somewhere between 5.5 and 10 GeV. The rf frequency 
is chosen to be 2856 MHz which is the same as SLAC and our PF linac. 

Beam Dynamics in the Linac 

Longitudinal Dynamics 
Due to the wake field produced by the particles in the bunch head, those in the 

tail are decelarated. The relative energy at ±\(TX with respect to the bunch center 
will be =F0-5%. This can be compensated down to ^0-3% by locating the bunches at 
0.15 radian (0.63mm) ahead of the crest of the rf wave. The full energy spread after 
compensation will be about ^0.6% which is within the acceptance of the final focus 
system. 

Since the beam loading of the 10 bunches in a train amounts to some 15 %, the 
acceleration of the bunches near the tail of a train will be smaller by several percent. 
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In order to compensate this interbunch energy difference, the timing of the rf wave is 
adjusted such that the head of the train comes into cavities before the rf wave reaches 
the end of the structure. For this cure to work the number of particles in a bunch 
must be stable within 2%. 

Transverse Dynamics 
K the particles in a bunch head go off-centered through cavities, they create wake 

fields, which deflect the particles in the tail, causing an emittance growth. This effect 
is very sensitive to the beam hole radius. The apeture radius of 3.67mm (= 0.14 times 
the wave length) is chosen after trade off between the wake effects and the accelerating 
efficiency. The emittance growth is still large but it will be cured by the mechanism 
of so-called BNS damping ; the oscillation is damped if the betatron frequency of the 
bunch tail is higher than that of the head. This frequency difference can be caused 
by an negative energy slope (low energy at the tail) the sign of which is the same as 
that by the longitudinal wake field effect. The requred energy difference at ±laz is 

P = =F -7T, TO.3%, 
L E \BNS 4 E 

where Wj(0) is the slope of the transverse wake function per unit length (V/C/m 3 ) 
and /3 is the beta function. Since this is smaller than the energy slope by the wake, 
we eliminate the excess by locating the bunches ahead of the rf crest as stated above. 

The high-Q components of the transverse wake fields also have an inter-bunch 
effects. Two methods for the cure have been considered. One is to make a frequency 
spread (a few percent) of the wake field between cells in a structure so that the effects 
are decohered. The other is to design a cavity with a slot in the disks which reduces 
the Q-factor. It had been thought that both of these two requires an adjustment 
of the frequency of the dominant deglecting mode because some effects still remain 
at a few bunch intervals. Recent experiment of the latter method, however, showed 
that it is possible to design a damped cavity with the Q-values below 15 so that the 
frequency adjustment is not needed. Now we concentrate on the second method. 

Tolerances 
We assume that the beam position monitors and the correction kickers can be 

operated at 200 Hz (rf pulse repetition rate) so that the feedback is possible for beam 
oscillations slower than ~100 Hz. In the following we call the vibration slower and 
faster than ~ 100 Hz 'static' and 'jitter', respectively. 

Quadrupole displacement: If the misalignment of the quadrupole magnets is too 
large, the beam size will become large even after the correction of the center-of-
mass orbit because of chromatic effects. This gives a tolerance of the vertical static 
misalignment ~10 /im. 

The vibration of the quads is statistically enhanced by factor square root of the 
number of quads if not corrected. The jitter (magnet-to-magnet) tolerance is ~20 
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nm. For the jitter components with the wave length A longer than the betatron wave 
length (20~100m), the tolerance is ~ 5 x */A(m) nm. 

Cavities: static displacement <lmm, static tilt <10 _ 4 rad. 
If the structure is tilted and the input power P has a jitter, they cause transverse 

miskicks. The jitter tolerance is Otut x AP/P< 4 x l 0 - 6 . 

Interaction Region 

The beams are transversely pinched during the collision by the fields of the on
coming beam, which causes an enhancement of the luminosity. The enhancement 
factor is mainly a function of the vertical disruption parameter Dv and a factor of 
1.5, a value found by simulations, has been included in the parameter list. 

In all cases Dy is about 13 which is near the optimum. Even when the beams 
are not exactly collinear due to errors, the luminosity reduction is not very large 
because of the Coulomb attraction. A large Dy is preferred in this respect. If Z)s >15, 
however, the bunch will be unstable against the two-stream instability. The beam 
offset tolerance at IP is about 3a*. 

The beamstrahlung (synchrotron radiation due to the field of the on-coming beam) 
is characterized by a parameter T = (2/3) x (critical energy)/!^. It varies during the 
collision and its maximum is shown in the list. If T>1, beamstrahlung photons can 
create real e+e~ pairs in the strong beam field (coherent pair creation). The number 
of pairs per bunch train can be estimated by 

where a is the fine structure constant, m the inverse Compton wave length and 
N0(= 10 1 1) the number of incident electrons (positrons) per train. Our parameters 
give ~ 104 (200GeV) and ~ 106 (500GeV) pairs. 

Low energy charged particles can be deflected by large angles proportional to 1/y/E 
and may cause background to the experiments. However, since the energy spectrum of 
the pairs from the coherent process is proportional to exp(—2/3T x EQ/E), there will 
be only a few low energy particles. ( ~ 1 in E < 20GeV at £ ,

0=500GeV.) Therefore, 
the coherent pair creation will not be a serious problem. 

On the other hand, pair creations in incoherent (particle on particle) processes 
such as 7(beamstrahlung)e± —• e ± e + e - and e+e~ —»• e+e~e+e~ can be more serious 
because the spectrum has a low energy tail. The total crosssection is ~ 1 0 - 2 6 cm 2 

almost independently on the beam energy. A discussion will be given in the talk of 
Dr. Tauchi. The conclusion is that a finite crossing angle of ~5mrad is enough to 
avoid serious background effects of the incoherent pair creations. 

In order to decide the crossing angle $<,<,«! w e also have to take into account the 
interaction of bunches after and before the collision when a train consists of more than 
one bunches (multiple-bunch-crossing instability). A rough criterion for the stability 
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i s 

w h e r e <j>diag — <Tl/(Tz l s the bunch diagonal angle. The crossing angles in the list are 
decided by taking into account this effect. They are larger than <j>diag and than the 
background avoiding value 5mrad. 

Normally, the geometrical luminosity reduction is serious if <j>a0;}Z,<l>diag- Thus, we 
need the so-called crab crossing scheme. But the two linacs will be collinear and the 
crossing angle will be made in the final focus system because the required angle is so 
small that the emittance increase due to the bends in the final focus system can be 
ignored. 
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1.54GeV Damping Ring Design for Linear Collider 

Junji Urakawa and JLC damping ring design group* 
KEK 

ABSTRACT 

We present a 1.54GeV damping ring design for the Japan Linear Collider. It has 
normalized emittance of fex < 3.0/*radm and *yey < 30nradm. The damping time 
is T <4.8msec. The ring contains the damping wigglers which satisfy the conditions 
of the effective field 2.0T, the wiggler period A„, = 40.0cm and the length 70m with 
packing factor 0.5. 

1. INTRODUCTION 

The proposed KEK Accelerator Test Facility(ATF) consists of an 1.54GeV S-
band linear accelerator, an 1.54GeV damping ring and an l.OGeV X-band linear ac-
celerator[l,2,3]. The ATF project will be carried forward in three phases. Through 
Phase-I and Phase-II, the S-band and X-band linacs will be constructed, and in 
Phase-Ill, the damping ring will be completed. The design parameters of the damp
ing ring which are required from the design of the Japan Linear Collider(JLC) are 
as follows: 

1) 1.0 x 10 loparticles/bunch, 

2) 10 bunches/train with the bunch spacing of 1.4 nsec, 

3) equilibrium normalized emittance is less than •yeI/'yey= 3.0 x 10 _ 6/3.0 x 10 _ s 

radm, 
4) transverse damping time/number of trains is less than 0.5msec. 

One of the characteristics of the present design of JLC is to operate in a multi-
bunch mode. The linac accelerates bunch trains where the bunches contained in a 
train are separated by about 42cm and the particle per bunch is 1 x 10 1 0 . In order 
to prevent multi-bunch instabilities we need to use a specially designed RF system. 
In addition, we would like to operate the ring below the longitudinal microwave 
instability threshold. To achieve this without increasing the longitudinal emittance 
significantly, the damping ring must have a very low impedance and a large momen
tum compaction. We assume that the total time duration for the kickers to turn on, 
extract/inject a train, and turn off is less than 130nsec. Thus the trains must be 
separated by at least 60nsec. The emittance of a ring can be reduced by reducing 
the dispersion in the bend magnets, reducing the strength of the bends, or decreas
ing the energy of the ring. The damping time is directly proportional to QB/I3, 
where QB is the local bending radius of the bend magnets. On the other hand, the 
normalized emittance is inversely proportional to QBH*- In order to reduce both 
the damping time and the normalized emittance at the same time, we have decided 
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to introduce long wiggler sections in zero-dispersion region. We also selected a race
track configuration as a ring style for the reduction of dispersion suppression and 
matching regions. We present a 1.54GeV damping ring design of ATF for JLC. It 
has normalized emittance -ye < 3.0/iradm and -fey < 30nradm. The damping time 
is T <4.8msec. To achieve these extremely low emittances and fast damping times 
simultaneously, the ring contains 70m of wigglers. 

2. DECISION OF ENERGY 
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Fig.l Energy dependence of longitudinal impedance threshold (Z/n)t, circumfer
ence, Touschek life and normalized equilibrium emittance including the intrabeam 
scattering effects. They are calculated with some conditions by a computer program. 

The type of lattice in the arc is a separated fuction FODO since simple lattice 
are favored for operation simplicity. A computer program was written for the damp
ing ring designs according to the conditions described above. In order to appreciate 
the design parameters of the ring, this program has six functions which decide ring 
circumference, bunch train separation, transverse damping time/number of trains, 
equilibrium normalized emittance, Touschek life and longitudinal impedance thresh
old. The variables are number of normal cell, horizontal and vertical phase advance 
per cell, field of normal bend, length and field of wiggler, and number of trains. 

— 34 — 



They are optimized to obtain the ring which can satisfy requirements of six func
tions. Following parameters are given as the inputs of the optimization program: 
beam energy, length for RF, injection, extraction etc., drift space length in cell, 
half aperture, quad and sextupole pole tip fields, packing factor in wiggler section, 
vertical-horizontal emittance ratio, quantum life time, RF frequency, and number 
of particles per bunch. It was concluded by using this program that a optimum 
energy was near 1.5GeV, considering longitudinal impedance threshold, circumfer
ence, Touschek life, RF power, intra-beam scattering etc.. Fig.l shows the energy 
dependence of these values as a typical example. It was decided that the energy of 
the damping ring should be 1.54GeV since it does not induce the depolarization of 
beam. Requirements 5)~8) were added due to the technical consideration. 

5) Length for RF, injection, extraction, feedback etc. is 16m. 
6) Circumference is ranged 100m to 250m. 
7) Kicker rise/fall time is more than 60nsec. 
8) Normalized emittance of injected beam is 1.0 x 10 - 3radm. 
3. DESIGN CONSIDERATIONS 
Considering the ratio of the equilibrium normalized emittance and the impedance 

threshold; (Z/n)t/*yex0, it is inversely proportional to the cell length.(see ref.4) Since 
we have decided to introduce long wiggler sections in zero-dispersion region, we re
quired 0.8m as the drift space length in cell. This length prepares space for sextupole 
magnets, steering magnets and position monitors as a realistic design. Let us con
sider the scaling formulas including the effects of damping wigglers, according to 
ref.4: 

B0(kG)i2(l + Fw) = 1.44 x 10 5 /T e / / 

•yex0 = 3.25 x 10"6(< H >bend +6PxFwg0/5wklg3

w)/TejfJx{l + Fw)2 

(Z/n)t ~Fx5.43 x 10"cr za(l + &FwQ0/ZKQw)/NTeJ}Jc(l + Fw)2, 
where the parameter Fw is a measure of the effectiveness of the wiggler; 

Fw = LwQal^Q2

w. 
Here, Lw and Bw are the length and peak field of the wiggler;/?* is the average 

beta function in the wiggler, and kw is the wiggler wave number, kw = 2x/\w where 
Aw is the wiggler period. Also, go and gw are the bending radii of the main bends 
and the wiggler. 

In order to evaluate the scaling formulas, we assume that the cell length LCEu oc 
Q0, < H >bend<x 02Lceu and momentum compaction a oc 02 where 0 is the bending 
angle per cell. 

Since 1 « Fw and 7 = 1.54GeV\ we can write down some approximate scaling 
laws. 

If TEjf is constant(=0.5msec), 
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( Z / n ) 4 oc B2gw/Lw oc B2/gw. 

Moreover, if (Z/n)t is constant(=0.3ft), 
•ycxoocLceiig^j/gl oc gw/g0. 

Conversely, if {Z/n)t is not constant and 7e l 0 is constant(=3.0xl0 - 6radm), 
(Z/n)t oc g0/gw. 
While decreasing the main bending field increases the cell length, it still decreases 

the emittance without decreasing the impedance threshold. Therefore it is desirable 
to maximize the wiggler fields and minimize the normal bending field. In next 
section we present a design which meets all of the specified requirements. 

Fig.2 Schematic of the JLC damping ring. 

4. LATTICE AND OPTICS 
A preliminary design of ATF for the JLC damping ring is illustrated in Fig.2. 

The ring has a circumference of 220m and a superperiodicity of two. The optical 
functions /3X and /3y and the dispersion function t]x for a quarter of the ring are 
plotted in Fig.3. Fig.4 shows the beam size ax with 0 coupling and ay with full 
coupling. When the wigglers are on, the normalized horizontal emittance, includ
ing the intrabeam scattering effects, is 3.0xl0~6radm. The intrabeam scattering 
contribution to the emittance is about 29% of the ring emittance. The damping 
times are TX = ry = 4.8msec. This allows each train to remain in the ring for 
seven vertical damping times when operating at a repetition rate of 298Hz. On 
the other hand, when the wigglers are off, the normalized horizontal emittance, in
cluding the intrabeam scattering effects, is l lx lO _ 6 radm. The damping times are 
TX — Ty = 45.8msec. This allows each train to remain in the ring for seven vertical 
damping times when operating at a repetition rate of 31Hz. 
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Fig.5 Configuration of normal cell. All values are effective length. 

The two arcs are constructed of 24 separated function FODO cells. The bending 
magnets bend an angle of 3.75°. The quadrupoles have normalized gradients of 
15.4m - 2. Assuming a magnetic radius of r=1.2cm, which is 2mm greater than the 
beam pipe, the quadrupoles have pole tip fields of 9.5kG. The magnet positions are 
plotted for a single cell in Fig.5. 

5. COMPARISON WITH OTHER DAMPING RINGS 

Tables 1 and 2 show the comparison of the parameters for typical damping 
rings[4,5]. Our design has a longest circumference and a least number of bunches 
among these rings except for VLEPP. This result is due to producing enough space 
for injection/ extraction rise/fall time, RF cavities and considering multi-bunch 
instability. Also, the magnetic field and the drift space in the normal cell are relaxed 
on our parameters comparing with other designs. It is desirable that our design has 
the largest value of the momentum compaction factors among these rings. 

The design of the wiggler part is crucial in our design. We must carry out enough 
research and development for developing the damping wiggler. It is necessary for the 
wiggler to have enough field quality, which satisfies the conditions of the effective field 
2.0T, the wiggler period A„, = 40.0cm and the length 70m with packing factor 0.5. 
The configuration of a damping wiggler is shown in Fig.6. We use 44 wigglers. The 
loss in dynamic aperture, which is caused by realistic non-linear fields of the wiggler, 
intensely disturbes the beam injection. Fig.7 shows the magnetic field distribution 
of the wiggler. In next section we discuss the reduction of dynamic aperture due to 
the non-linear fields of the wiggler by using results of computer simulation. 

6. DYNAMIC APERTURE 
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Table 1 Damping ring parameters for linear colliders 

Units JLC TLC CMC VLEPP 

Type FODOiWiggler FODOiWiggler Alter. Bend Acbromat 

Beam Energy GeV 1. 54 1.8 2-0 1.54 

Circumference m 220 155 162 77 

N p a r t i c l e s 10'° 10x10x1.0 10x10x1.4 22x10x0.5 20 

T £ a 10- 8radm 2.3 2. 2- 1 3-0 

f x msec 4. 8 2.5 1- 1 1.0 

r y msec 4.8 4.0 2.7 1-0 

X 2 msec ,4 2.8 5.8 0.5 

R F v o 1 t a o « MV 1. 0 0.8 2 0.85 

f GHz 1. 428 1.4 3.0 0-5 

AE / E 10" 3 0.79 1. 1.7 3-0 

ff z mm 5.0 5 1.35 8.0 

a 10" 3 3. 0 1. 2 0. 23 0.6 

Bo T 0. 51 1.3 1-6 1.73 

L M i Q o 1 e r m 70 22 0 0. 6x20 

B\v i s g l g r T 2.0 2. 4(peak) 0 6(peak) 

T £ I n t r a 10" aradm 3.0 2.74 2- 1 6 

Rep. Rate Hz 200 360 1690 100 
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Table 2 Damping ring parameters for linear colliders 

Units JLC TLC CMC VLEPP 

Circumference m 220 155 162 77 

Natu- Chro- . 1 » -22-0 -28. -20. 78 -25 

Natu. Chro- . 6 y . -19.7 -22. -21.77 -21 

n , 21.2 24.37 22.4 18.35 

» y 8. 7 11.27 15-2 5.69 

(Z/n) t 'n 0.6 0-3 0. 1 0.1 

ffigg. pitch I •» cm 40 20 12 

Kick. Rise Time nsec 60 40 

Current mA 218-3 433. 5 325.9 124.7 

T 6 InJ 10" 3radm 1.0 3.0 10. 0 15 

Emitt. Ratio % 1-0 1.0 33.3 1.0 

Damped r £ x 10" 6radm 3.0 2-7 1. 59 6 

Damped r e v 10" 3radm 3.0 2.7 53.0 6 

Urac/Turn keV 472 468 793 760 

2. 0cm 

5 5 10 10 10 10 10 10 10 

ijj 
10 10 10 10 10 10 10 10 5 5 

170cm 

Ef fec t ive F i e l d V (B->=i/ J B - d l / l P „ i . where l p o , « = 10cm 

•T(B' :>=2. 0T at gap=2cm 

Fig.6 Configuration of a damping wiggler. 
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MAGNETIC FIELD DISTRIBUTION Apote 

3*=30KA-t Bpetk <B> \/<tf) 
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— 2.07 2.36 2.0<r 
— • 2.05 2.25 \M-

Fig.7 Magnetic field distribution of the wiggler. 

It is necessary that the dynamic aperture is more than three times the beam size 
of an injected positron beam. Since damping the bunch for seven damping times(~ 
35msec) reduces the emittance of the injected beam by six orders of magnitude, this 
aperture gives sufficient beam life time. The injected positron normaUzed emittance 
7e, is 1.0 x 10~3radm. The damped normalized emittance jeo is 3.0 x 10~6radm. The 
beam size of the injected positron beam <7; is obtained from <r,-=V/3ci- Therefore, 

3<T,=3y7?eo x 1000/3 ~ 60<7O ~ 8.4mm, 

where cr0 is maximum equilibrium beam size. Then, the dynamic aperture more 
than 10mm(> 71<r0) gives sufficient beam life time. The planned beam pipe in the 
arcs has a 10mm inner radius and is approximately 4 times the beam size of an 
injected positron beam. 

We correct the chromaticity with only two families of sextupoles located in 
the arcs. The integrated sextupole strengths are: K2SF — 14.4m - 2 and KZSD — 
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Fig.8 Dynamic aperture. 

-17.6m - 2 . The results from computer code PATRICIA( PArticle TRacking In 
Circular Accelerators ) with only two families indicate that the dynamic aperture is 
more than 160<To without the nonUnear fields from wigglers. The dynamic aperture 
will decrease when errors and wiggler induced nonlinear field are included. The 
results of tracking sumilation( SAD(KEK original code) and RACETRACK ) with 
a sinusoidal nonlinear field from wigglers indicate that the dynamic aperture is more 
than lOOob- The dynamic aperture is, for the most part, larger than the physical 
aperture. The results of tracking 800 turns are plotted in Fig.8. 

7. THE STABILIZATION OF THE EXTRACTED BEAM 
Considering transverse wakefields in the main linac, the stabilization of the 

extracted beam from the damping ring is extremely important. We would like to 
achieve a jitter tolerance of one tenth of the beam size at the interaction point. DC 
septum magnets axe designed, because a pulsed septum will introduce more jitter 
problems. The pulse-to-pulse reproducibility in the total deflection angle(205mrad) 
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Fig.9 Design orbit trajectory for injection and extraction. 

of the extracted beam is better than ±3 x 10 - 5 . Each extracted beam is deflected 
about 4mrad by a kicker magnet into the first septum magnet, which deflects the 
beam another 30mrad so that it enters the second septum magnet. It deflects the 
beam another 170mrad. The first septum plate is 90° in phase downstream of the 
kicker. Assuming px = 10m according to ref.4, the jitter tolerance on the kicker is 
less than 5 x 10 - 4 . In order to achieve this tolerance, we need to use double kicker 
system, separated by a phase advance of TT, to cancel the jitter. The first kicker will 
be placed in the damping ring and the second kicker located in the extraction line. 
We obtain the estimation of the jitter ranges from 1 0 - 4 to 5 X 10 - 4 on the double 
kicker system. Fig.9 shows a design orbit trajectory for injection and extraction. 

Furthermore, if we are required more jitter tolerance, the feedforward control of 
the extracted beam will be necessary. The feedforward control system is consisted of 
an one turn extraction transport line around the damping ring which is necessary to 
increase the time duration between the beam extraction from the ring and injection 
to the linac, two pairs of the precise beam position monitors near the extraction 
point and two pairs of the correction kickers near the injection point to the main 
linac. The design of this system is in progress. 

8. CONCLUSION 

Our first design for ATF damping ring proposed in ref.6 had not sufficient dy
namic aperture(less than ~ 40<ro from RACETRACK). In this paper we present a 
modified design for the damping ring of ATF. We have not yet taken into account 
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the effect of alignment errors. 

If the technical problems on the wiggler are solved, we believe that this design 
has enough performance as the first stage for the damping ring of JLC. 

We can decrease the damping time and the normalized emittance by increasing 
the wiggler length. This feature is one of the characteristics of our design. 
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SHORT COMMENTS ON POSITRON SOURCE 

Takayuki SUMIYOSHI 

National Laboratory for High Energy Physics(KEK) 
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, JAPAN 

Tools of simulation studies for a positron source to estimate a yield of 
positrons have been developed. Preliminary results of yield estimation of 
positrons were presented. 

§1. Introduction 
Positrons are produced in materials through electromagnetic shower 

processes initiated by high energy electrons. Positrons thus produced are 
effectively collected by a collection system and transported to a dumping 
ring. Therefore, a usual positron source consists of following 
components;1^ i) an electron linac, ii) a converter, iii) a collection system 
and iv) a transport line to a dumping ring. In order to estimate a positron 
yield, we performed a Monte Carlo simulation using electromagnetic 
shower code (EGS4)2) with a simple collection system. Here, I report 
results of the simulation study. 
§2. Monte Carlo simulation 

A schematic view of the arrangement of a positron source used in the 
simulation study is shown in figure 1. Incident electrons were assumed to 
impinge on a converter with a right angle. The converter material was 
chosen to be lead and the depth of it corresponded to about the shower 
maximum. Electromagnetic shower processes in the converter is well 
reproduced by EGS4. At the exit of the converter, positrons were contained 
in a small area but had large transverse divergence. In order to obtain a 
parallel beam before entering the accelerator part, a pulsed solenoid was 
used for a phase-space transformation. The field strength of the solenoid 
used in this simulation was expresses as B(z)=20KG/(l+0.1-z(cm)), where 
z is the distance from the converter face. In order to accelerate the 
positrons before longitudinal divergence occurs, a high gradient 
accelerator (50 MeV/m) of 1 m length was placed at z=20 cm and followed 
by a low gradient accelerator (20 MeV/m) of 2 m. The apertures of these 
accelerators were taken to be 2 cm in diameter. Trajectories of positrons 
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were traced in the above magnetic and electric fields as shown in the 
figure 2 for example. The figure 3 shows the scatter plot of x-x' distribution 
at the exit of the converter and that of the pulsed solenoid. A phase-space 
transformation by the tapered solenoid can be clearly seen. Though the 
parameters of the geometries and field strength etc. were not optimized 
yet, numbers of positrons arrived at the exit of the accelerator part were 
counted to estimate a positron yields. Positrons accepted by the dumping 
ring, however, should satisfy a emittance cut, which was given by the 
design study of dumping ring to be 7E = 10" 3 rad-m (normalized 
emittance). 3) The positron yields at the exit of the accelerator parts for 
incident electron energies of 2,10 and 33 GeV with various emittance cuts 
are listed in table 1. The positron yields were almost linear to incident 
electron energies as was expected. The normalized positron yield were 
e+/e- ~ 0.15/GeV at the exit of accelerator and expected to be 3-10"2 /GeV at 
the dumping ring. The positron yield at 33 GeV was consistent with the 
result of SLC.4> If the energy of electron linac for the positron source for 
JLC is 10 GeV, we need about 5 1 0 1 0 electrons/pulse to obtain 1 0 1 0 

positrons/pulse. Such a high-current electron linac can be available, but a 
temperature rise at a converter should be solved to be operated with high 
repetition-rate. 
§3. Summary 

We performed a simulation studied to estimate a positron yield by 
using EGS4. Normalized positron yield of e+/e- = 3-10"2 /GeV was expected 
at the dumping ring, though a optimization of parameters was remained 
for future study. Connection of this simulator to a transport line (TURTLE) 
is necessary to be done in near future. 
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Table 1. Positron yield for various emittance cuts 

e +/e-
Emittance Cut (rad-m) l>d(>3 2>d0-3 4X10-3 

2 GeV 0.30 0.44 0.51 
10 GeV 1.72 2.45 3.08 
33 GeV 4.70 6.60 8.70 
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FIGURE 1. Schematic anangement of the positron source: 
(1) Converter (Pb); (2) Pulsed Solenoid; (3) Solenoid; 
(4) High Gradient Accelerator (50MeV/m); 
(5) Low Gradient Accelerator (20MeV/m). 

FIGURE 2. An example of trajectories of positrons in this simulation 
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FIGURE 3. Scatter plots of X vs X'; (a) at the exit of the converter, 

(b) at the exit of pulsed solenoid. 
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Electron Source of JLC 
M. Yoshioka, M. Akemoto, H. Akiyama, H. Hayano, Y. Kurihara, 

H. Matsumoto, T. Naito, T. Ohmori, T. Shidara, 
S. Takeda, Y. Takeuchi, J. Urakawa 

1. General description 

High-current, low-emittance and multi-bunch beam is required to realize 
high-luminosity of the order of 1033 cirr 2s- 1 as mentioned in the talk of the 
present meeting on beam dynamics, which has been given by K. Yokoya. 
The parameters of the beam are summarized in Table I and the structure of 
the bunch is shown in Figure 1 schematically. The number of particles per 
bunch is 1 x 10 1 0 , the number of bunches per pulse is 10 with the bunch 
spacing of 1.4 ns and the repetition rate is 200 Hz. The flatness of each 
bunch in a pulse and the rms normalized emittance should be less than +/-
2% and 10-3 rad m, respectively. 
In order to generate such a beam, we are developing following two 
schemes: (1) a combination of a conventional electron gun using thermionic 
cathode and sub-harmonic bunchers, and (2) rf gun using laser triggered 
photocathode. 

Table I Beam parameters of JLC 

Number of particles per bunch 1.0 x 101 ° 
Number of bunches per rf pulse 10 
Repetition rate of rf pulse 200 
Bunch spacing 1.4 ns 
Flatness < +/- 2 % 

ectron 

Figure 1. Beam structure of JLC 
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2. Thermionic cathode and sub-harmonic buncher system 

The following two schemes using the thermionic gun and sub-harmonic 
bunchers are considered to generate the beam of JLC. 
(1) Generate 10 bunches with spacing of 1.4 ns directly on the cathode by 
using the fast grid-pulser and then compress them further by sub-harmonic 
bunchers. Usually, the pulse width of the beam obtained by such a electron 
gun is 2 - 5 ns, which is not short enough for the generation of the above 
beam. Therefore, the fast grid-pulser which can generate flat-topped pulse 
train and the cathode which can generate high current beam should be 
developed. 
(2) Generate the flat-topped bunched beam with the width of 14 ns or more, 
then form 10 bunches by using 4th sub-harmonic bunchers of 2856 MHz. 
The development of the cathode and grid-pulser, which can generate such a 
high-current and flat-topped pulse, is also the heart of this system. 
As a first step of the R&D program, the construction of a injector of the 
accelerator test facility, ATF, are being under progressed at the Nikko 
experimental hall of TRISTAN, which is consisted of a thermionic gun, three 
stage sub-harmonic bunchers, two single gap bunchers and a traveling 
wave buncher as shown in Figure 2. 

Pre-floncher Beam Position Monitor 

Figure 2 Injector part of the Accelerator Test Facility, ATF. 

The cross sectional drawing and photograph of the gun are shown in Figure 
3. The characteristics of the gun are as follows; (1) the ceramic insulator has 
been fabricated so as to apply the high accelerating voltage of 240 kV, and 
(2) the mechanical structure of the gun-assembly has been designed in 
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order to make the accurate alignment of the order of several ten microns 
easily. A test of the gun has already been carried out and the accelerating 
voltage of 205 kV has been applied1). The photograph of the beam profile at 
the 2 m downstream of the gun is shown in Figure 4, which has been taken 
without using any steering magnet. The photograph of the beam profile, in 
which the round shape is appeared, shows that the alignment has been 
made successfully. The preparation of an emittance monitor with the pepper 
pot method is now under progressed. The parameters of the gun-modulator 
are summarized in Table II. 

Ceramics lnaulatcr 

j ^ a ^ M \ a / y \ J u ^ d ^ _ 

Figure 3 A cross sectional drawing (left) and a photograph (right) of the gun. 

Figure 4 A photograph of the beam profile at 2 m downstream of the gun. 

Table II Parameters of the gun-modulator 

Maximum peak and average output power 
Maximum output current 
Output impedance 
Step up ratio of the pulse transformer 
Pulse width 

Maximum heater power 
Bias voltage 
Pulse width of the grid pulser (short pulse mode) 
Pulse width of the grid pulser (long pulse mode) 

24 MW and 8.4 kW 
100 A 
2.4 k ohm 
1:12 
7 micro sec FWHM 
3 micro sec Flat top 
15vx 10 A 
0 - +500 V 
5 n sec FWHM 
0.8-3 micro sec FWHM 
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3. rf gun using laser triggered photocathode 

It is not easy to obtain the multi-bunch beam of JLC by using a combination 
of the thermionic gun and sub-harmonic bunchers, as mentioned in the 
previous sections. On the other hand, the experimental study of 
Lasertron2-3) shows that the photocathode can really produce high-current 
and bunched-beam as summarized in Table III. The number of electrons 
which are contained in one micropulse with the pulse width of 60 ps is 4.4 x 
1 0 1 0 . Thus the development of the rf gun using laser triggered 
photocathode has been initiated. The schematic drawing of the rf gun is 
shown in Figure 6. The difficult issues of the rf gun to be solved for the 
practical use are (1) the development of long lived photocathode, (2) the 
laser system which can produce narrow pulse of the order of several ps, and 
(3) high gradient rf acceleration, which makes the emittance extremely low. 
The systematic study of the Sb-alkali photocathode has been started and the 
pulse width of the laser system which has been developed for Lasertron will 
be compressed further by the fiber-grating pulse compressor from 60 ps to 
20 ps as shown in Figure 7. The design of the rf cavity is under progressed 
aiming to minimize the emittance growth of the beam which is caused by the 
space-charge force. The first experiment of the rf gun is scheduled to carry 
out in end of 1990. \ / waveguide 

- RF-Gun Cavity 

Focusing Coil 

Photo 
Cathode 

Mode-Locked Laser 

Figure 6 A schematic drawing of the rf gun. 

Laser Pulse Compressor 

IcWULNdiYMOScI—• | I—|AH=HAH> 

Figure 7 A block diagram of the laser system. 
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4. Polarized electron 

The photocathode gun using GaAs which has already been developed for 
Lasertron can easily been applied for the polarized electron source with the 
polarization of around 40 % 4 ) . Furthermore, we have just started the 
experimental study of the advanced polarized electron source with the 
polarization of more than 50 % by using GaAs/GaAIAs superlattice5-6). 

Table I!! Experimental results of Lasertron 

Cathode material NEA-activated GaAs 
Effective cathode radius 10 mm 
Cathode-anode gap 33 mm 
Applied voltage (V) 150 kV 
Beam current at V = 150 kV 20 A 
RF output at V = 150 kV 80 kW 
Laser system Mode-locked Nd:YAG 
Wavelength 532 nm 
Width of micropulse < 60 ps 
Width of macropulse 500 -1000 ns 
Pulse rate 2856 MHz 
Number of electron per bunch 4.4 x 10 1 0 

References 
1. H. Akiyama, Proceedings of the 14th Linear Accelerator Meeting in 
Japan, September 7 - 9,1989, Nara, Japan. 
2 M. Yoshioka, Japanese Journal of Applied Physics, Vol.28, 
No.6(1989)1079-1093. 
3. M. Yoshioka, H. Akiyama, T. Shidara. Y. Takeuchi, XIV International 
Conference on High Energy Accelerators, August 22-26, 1989, Tsukuba, 
Japan. 
4. C. K. Sinclair, "Report on Polarized Electron Source and Electron 
Polarimetry Workshop", 1989 American Institute of Physics. 1412. 
5. S. F. Alvarado, F. Ciccacci, and M. Campagna, Appl. Phys. Lett. 39(8), 
(1981)615 
6. R. Houdre, C. Hermann, G. Lampel, P. M. Frijlink and A. C. Gossard, 
Phys. Rev. Lett., 55(7), (1985) 734 

— 53 — 



Final Focus System for the JLC 

K A T S U N O B U O I D E 

KEK, National Laboratory for High Energy Physics 

Oho, Tsukuba, Ibaraki 305, Japan 

1. Introduction 

The future linear collider of TeV region (JLC) requires the spot size of 210 nm 

by 1.7 nm at the interaction point to get a luminosity near 1 x 10 3 4 c m _ 2 s - 1 ! 1 1 

This spot size at the interaction point (IP) is about 1/1000 of the SLC spot size 

in the vertical dimension, and is demanding for a special optics design, alignment 

methods, beam diagnostics, and tuning procedures. In this proceeding an optics 

design for the JLC is made and its various aberrations will be investigated. A 

procedure of the minimization of these aberrations will be given. 

Beam energy E 500 GeV 

Invariant emittances £ J I l / £ K j 3 x 10- 6 /3 x 10- 8 m 

Beta functions at IP PJFy 14/0.08 mm 

Spot sizes at IP Vj°'y 210/1.7 nm 

Length of the free area (.' 1 m 

Half aperture of the final quadrupole a 0.5 mm 

Pole-tip field Bo 1.4 T 

Length/beam L 365 m 

Momentum bandwidth Xm ±0.6 % 

Table 1. Parameters of the JLC final focus system. 
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Table 1 shows the parameters of the JLC final focus system. Here the spol. 

sizes include the optical aberrations and the effects from the synchrotron radia

tions. As shown in this table, JLC is a typical flat-beam linear collider and has a 
f2l 

very similar parameters to the TLC except for the momentum bandwidth. This 

optics has a large momentum acceptance ±0.6 %, which allows a large longitudinal 

energy spread in the linac and gives a flexibility for the BNS damping. The wide 

bandwidth arises a new type of an optical aberration, which is not important in an 

optics with narrow bandwidth like SLAC FFTB . As the result, the optimization 

of the system becomes different from that of a narrow bandwidth system. 

2. Final Doublet 

The main characteristics of the final focus system are essentially determined by 

the final focus lenses. For a flat beam collider, a doublet scheme is most suitable 

and natural as the final lenses. Here we consider a model of the final doublet as 

shown in Fig. 1, which consists of two adjacent thick lenses with the strengths A'i. 

I\-i and the lengths Li, Z.2- We assume that the doublet focuses a parallel ray lo 

the IP both in the horizontal and the vertical planes. Therefore the strengths and 

the lengths are determined by the ratios (half aperture)/(beam size) in the final 

lens, with a given set of E, j3'. B0, and £". There are four relations between them: 

%/AV* S K = [ ( ^ l + 4 « ; - l ) / 2 ] - ' -

\ZK[LX = ^>i = s i n h -

/A7 K t a n ^ - 1 _ q 
U ' I 

tan ip2 
(K + tan tpi) tanh ip2' 

(KtanhijPj + 1)(K + t a n i ^ i ) 

(2.1) 

tanh<^2 ( s t a n d i — 1)(K + t anhp i ) 

Y here 

BQt hfc 
hxABP)\ £Nr,y ' 

(2.2 
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and hXiy are the ratios (half aperture)/(horizontal, vertical beam size) in the final 

lens, which are usually smaller than those in the second lens of the doublet. In 

the relations (2.1) and (2.2), we have two free parameters hXiV. We choose them 

considering the chromaticity of the doublet, aperture of the lenses, and the effect 

of the synchrotron radiation in the doublet on the focusing!4' The chromaticities, 

which are the most important parameters to determine the characteristics of the 

rest of the final focus system, are also given by these parameters: 

& = J K/3xds 

= To: V + — (vi + - ) + ( ! + r 2 ) ( s i n h ^ + K o o s h V l ) 2 - ' 2a* I K \ r ) TK 
r - (2-3) 

iv = J K/3yds 

= ^ f 1 + i ± ^ ( ^ + - ) - ( 1 + '- 2H s i n^ + K C O S ^ ) 2 -

Generally speaking, a short focal length makes the chromaticities smaller, but the 

synchrotron radiation larger. 

3. Aberrations 

This final focus system uses two families of sextupoles to correct the chromatic

ities of the final doublet as shown in Fig. 2. We denote them as the SF family and 

the SD family. Each family consists of two identical sextupoles connected by a —I 

transformer. We place the SD family closer to the IP, and the SF family before 

that with a telescopic magnifier(demagnifier) between them. The phase advance 

from the second SD sextupole(closer one to the IP) to the final doublet is almost 

•K both in the horizontal and vertical planes. 

Since the vertical chromaticity of this system is more than one order larger 

than the horizontal one, the aberration for the vertical focusing is the dominant 

problem on the design of the final focus system. The major parts of the vertical 
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aberration are produced by the SD sextupoles, and those by the SF sextupoles 

are small. The non-interlaced scheme of the sextupoles almost cancels the pure 

geometric aberrations from the sextupoles except for the aberration produced by 

the finite thickness of the sextupoles. The increase of the vertical beam size due 

to the thickness £s of the sextupole is written as 

A s l = ^ T - 1 2 " ^ ' ( 3 J ) 

where k', £s, and /3y are the strength, thickness of the SD sextupole and the vertical 

/i function at the sextupole. In the above we have assumed that the vertical beam 

size is much larger than the horizontal beam size at the SD sextupole. 

When we increase the momentum bandwidth of the system, another source of 

an optical aberration becomes serious. This aberration is caused by the breakdown 

of the —/ transformation between the identical sextupoles for off-momentum par

ticles, i.e. due to the breakdown of the —/, the non-linear kicks for off-momentum 

particles are no longer cancelled. In this design the — / transformer consists of two 

7r/2 FODO cells, which are the simplest way to have —/ transformations in both 

planes. The transformer for the SD family has the form of 

[-k/2,e,k,e,-k,e,k,e,-k/2), 

where t is the length between quadrupoles, and k = v2/( is the inverse of the 

focal length of the quadrupole (positive for the horizontal focusing). The transfer 

matrix of this transformer is written as 

/ - 1 A(2TV2)/CX 
Mx = _ 

» \-2(2±y/2)x/l - 1 

up to the first order of the momentum deviation \ = Ap/p . The chromo-geometric 

aberration caused by (3.2) has two major terms. The first one is generated by the 

+ 0( X

2 ) (3.2) 
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off-momentum part of Mx. Right after the first SD sextupole, there is a chromatic 

term in the horizontal angle x'\ 

A s ' = - [UP* + 3(2 + V2)/£ + etf] xX , (3.3) 

where f)x, 77, and x are the horizontal /3 function, dispersion, and the betatron 

amplitude at the first SD sextupole. This chromatic kick itself is supposed to be 

corrected by the first SD sextupole and the SF sextupoles. In (3.3), the second 

term comes from the chromatic effect of the —/ transformer and also the lenses 

between the second SD and the final doublet, whose chromaticity is nearly half of 

the —/ transformer's. According to (3.2), this horizontal kick makes a chromatic 

displacement 

Ax = 4(2 - v ^ K x A x ' (3.4) 

at the second sextupole. Thus the second SD sextupole generates a vertical kick 

from (3.4), and a vertical displacement at the IP 

Ay* = 4(2 - y/2)y[jifa!xVtey , (3.5) 

where y is the vertical displacement at the first SD sextupole. 

There is another chromo-geometric term which is caused by the breakdown of 

My. The chromatic term of Mv generates a vertical chromatic displacement at the 

second SD sextupole 

Ay = 4(2 + V2)£Xk'xy , (3.6) 

which makes a vertical displacement at the IP with the vertical chromaticity after 

the second sextupole: 

Ay ' = -fiiliytiy + Py/V2e)Ay . (3.7) 

We have approximated the chromaticity of the lens right after the second sextupole 

as the second term in the parenthesis in the above equation, and ignored the 
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chromaticity of the other lenses. The strength of the SD sextupole is so determined 

to cancel the vertical chromaticity of the system: 

2fc'v& = & + (4 - V2)Py/£ = (1 + u)&, (3.8) 

where we have introduced a parameter u = (4 — y/2)Pyl£yt.. The second term of 

(3.8) is the sum of the chromaticity of the —7 transformer 2(2 — %/2)/?„£ and the 

two lenses right outside the sextupoles s/2fiy/£, which is its good approximation. 

Combining (3.3) through (3.8), we obtain the relative increase of the vertical beam 

size at the IP 

A„2 = i i ^ l (2(2 - V2)W0* + (fu + ,&) ' (1+Jl)2^p^ - (3-9) 

where we have used a relation between the dispersion and the bend angle 0, ij = ryC0 

(ry is a constant determined by the number and the location of the bends, and 

ry sa 1.5 in this design). In (3.9), / and g denote the constants 4(11 + >/2)/7 and 

6 + \ /2 , respectively. The momentum distribution of the beam is assumed to be a 

uniform distribution in the range ± \ m . The aberration (3.9) has its minimum 

16(5 - 3 ^ ) (/tio + g ) ( l + t i o ) a e » g g W j 

VyOH ' 
A y 2 = " V " " v - y w - u r ^ • ~u , s ^ , , ^ ( 3 1 Q ) 

by choosing /3X and u {i.e. j3y) as 

2(2 - N / 2 ) 6 

(/«o + g)£y 

A = ?: '7Pv 
V92 + Sfg-g 

u = u0 = — 
4 / 

(3.11) 

There are a lot of miscellaneous terms of chromo-geometric aberrations other than 

(3.10), but in the present situation (3.10) is the dominant term. If the horizontal 

chromaticity becomes comparable to the vertical one like a round beam scheme, 

more aberrations related to the horizontal chromaticity should be taken into ac

count. 
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The third type of the aberration for the vertical beam size comes from the 
synchrotron radiation in the bending magnets between the SD families and the 
final lenses. In this design we have four bends in the SD transformer and one 
before the final doublet. If we assume they have the same bend angle and length 
which is approximately equal to £, the vertical blow-up of the final spot is given by 

5 5 ^ s ^ r f (3.12) 

where r e and \ are the classical electron radius and the Compton wavelength of 
electron. 

4. Optimization 

In a final focus system with a wide momentum bandwidth, the chromo-geo-
metric term of the aberration (3.10) dominates to the pure geometric term (3.1). 
Therefore here we discuss an optimization of the sum of (3.11) and (3.12). The 
optimization of the narrow-bandwidth case is done in Ref. 3. The sum A y = 
A t f 2 + Aj/3 is minimized at the bending angle 

0u = 3 C 27 67' eA c7-2 

1/5 

(4.1) 

where C\ and c 2 are the constants: C\ = 16(5 — 3\/2)(/uo + g)(l + u 0 ) 2 /5u 0 and 
C2 = 55/12v/3- Thus the minimum aberration is obtained by substituting (4.1) to 
(3.11 )and (3.12): 

f 3 2 7 r 2 \ 2 c 3 F 3 121 1/5 

A y = 5 10Sr«f7 

For a given value of Aj,, I is solved by (4.2) as 

H (4.2) 

Z125 44rt\l&l%lX, 
108 A 5 r 6 

y v 

1/7 

(4.3) 
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Using this £Q, we obtain the bending angle from (4.1) as 

Note that the length of the bend, which roughly determines the total length of the 

final focus system, is proportional to 7, and the bending angle I / 7 . 

Based on the optimization above, we made a design of the final focus system 

for the JLC. Figure 3 shows the optics of this system. The parameters are chosen 

to satisfy the results of the optimization, (3.11), (4.3), and (4.4). Table 2. hsts the 

parameters related to the optimization. 

Chromaticities &./&, 940/18000 

/3 functions at the SD sextupole Px/Py 260/48000 m 

Length of the bend t 13.5 m 

Bending angle 0 0.23 mrad 

Table 2. Optimized parameters of the JLC final focus system. 

The design aberration of this optics is chosen to Ay = 15 %. The result 

of the actual aberration measured by a particle tracking with 4000 particles is 

A„ = 17 ± 4 %, thus agrees with the prediction. If we include the synchrotron 

radiation in the final quadrupoles, which is not taken into the optimization, the 

total aberration increases to A y = 25 %. 

5 Cl€x€ySNxXm 
1081/s c2re*eAyrt 

*i < 

(4.4) 
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5. Tolerances for Machine Errors 

In this section we discuss tolerances to abrupt changes of components from 

pulse to pulse, or faster changes than the speed of the diagnostic and correction 

system. For the flat beam collider, the tolerances are much tighter in the vertical 

dimension than the horizontal, because the final spot size is smaller and the chro-

maticity is higher in the vertical. In this section we only take into account the first 

order optics and its first order momentum dependence. 

The first kind of the error is the simplest one. The horizontal and vertical 

misalignment dxx and diji of each quadrupole shifts the beam spot at the IP and 

prevents the head-on collision. Figure 4(a) shows the amount of dxx and dy^ for 

each quadrupole which shifts the spot by horizontal and vertical beam size. If one 

of the quadrupoles has a misalignment by the amount shown in this figure, the 

final spot is shifted by the beam size. There is another effect of a misalignment 

of a. quadrupole. A vertical displacement makes the spot size larger due to the 

dispersion created by the displacement in the final doublet. Figure 4(b) shows 

this amount dx% and dy-i for each quadrupole, which makes the horizontal and 

vertical spot size y/2 times larger. A error dk/k and a roll angle error d0 along 

its longitudinal axis of a quadrupole also make the size larger. Figure 4(c) and 

4(d) show these tolerances for each quadrupole in this system. Each amount of the 

figures increase the spot size by y/2. 
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FIGURE CAPTIONS 

1) A model of the final doublet. 

2) Non-interlaced two-family sextupole scheme. 

3) Final focus system for the JLC. The \//& \/3y< a f l d t] are shown in solid, 
dashed, and dot-dashed lines, respectively. The IP is located at the right 
end. 

4) Tolerances to the effects of (a) Misalignments to the spot position, (b) Mis
alignments to the spot size, (c) Strength error to the spot sise, (d) Skew 
rotation to the spot size. 

— 63 — 



REFERENCES 

1. K. Yokoya, in these proceedings. 

2. R. B. Palmer, Proc. DPF Summer Study Snowmass '88: High Energy Physics 
in the 1990's, Snowmass, Colo., June 1988, SLAC-PUB-4707(1988). 

3. K. Oide, SLAC-PUB-4953(1989). 

4. K. Oide, Phys. Rev. Lett. 61 1713(1988). 

5. K. Oide, Nucl. Instr. Meth. A276 427(1989), SLAC-PUB-4660(1988). 

6. K. Oide, Proc. DPF Summer Study on High Energy Physics in the 1990's, 
Snowmass, Colo., June 1988, SLAC-PUB-4806(1988). 

— 64 — 



Fig.l 

SF SF 

l^^/yf-H 

IP 

SD SD Final 
Doublet 

Fig. 2 

— 65 — 



JLC-FFS (500 GeV) /?* = 14 m m fT = 80 /xm 
13:33:14.17 Thursday 02/02/90 

0.005 

0.000 -3 
rS 

3 
-0 .005 

-0 .010 

S3 
ff ffff 

CO 
H 3@3 S cu 

3 
£ 2 Q T " ' So3m s CO 

u cy ar ar ar o* ar ar cy Of cr< 

Fig. 3 



dx2 & dy2 (micron) dxl & dyl (micron) 

o 

a 
• i c •a 
o 

0A2 
0A3 
QA4 
0A5 
QN3 
0N2 
ONI 
QN2 
0N3 
QT1 
QT2 
0T3 . 
QT4 
0M3J 
QM2 
0M1 
QM2 
QM3 
0B3 
QB2 
OBI 
QC4 
0C3 
0C2 
QX1 

ID 

S3 

QA2 
0A3 
QA4 
0A5 
0N3 
QN2 
QN1 
QN2 
QN3 
QT1 
0T2J 
QT3 
QT4 

0M3J 
QM2 
QM1 
0M2 
0M3J 
0B3 
0B2 
OBI. 
QC4 
QC3 
QC2 
QX1 

ID 
$ g* 



10* 

IO-1" 

10 

10 

10 

10 

Q dk/kx 
B dk/ky 

§SSS&©©S©oo©ogg©§§ooooooo' 
(c) 

10' 

10 1 

10' 

10 -1 

10 

Q dtheta x 
• dtheta y 

N ( n T n n m N H « n H N n r f n N H M f i n N i - ( * n M H 
O O O O O O O O O O ' O O O Q Q O O O 0 ' 0 0 ' 0 ' 0 ' 0 ' ^ 

Quadrupoles 
(d) 

Fig. 4 
— 68 — 



Background Problem at Interaction Point 
for an e+e~ TeV Linear Collider 

T. Tauchi, K. Fujii, S. Kawabata, T. Matsui, S. Takeda, M. Yoshioka, K. Yokoya 

KEK, National Laboratory for High Energy Physics 

1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan 

1. Introduction 

Since both e + and e~ beams are focused into a very small spot of O(lnm) at 

an interaction point(IP) for an e+e~ TeV linear collider, radiative loss of the beam 

itself, which has been negligible at previous accelerators, becomes a major problem 

for detectors. While two beams are colliding, positrons and electrons in the beams 

are bent to radiate photons (beamstrahlung) by the very strong electromagnetic field 

which is produced by the opposing beam. In the same electromagnetic field, the 

photons are converted into e + e _ pairs, then these electrons (positrons) are bent 

into detectors and final focusing magnets, thereby creating a background problem in 

experiments. The amount of the background strongly depends on beam parameters 

at the IP, and it can significantly be reduced by flattening beams with a large aspect 

ratio. Nevertheless it is impossible to suppress the background completely and a 

quantitative estimation is necessary. Since the final focusing magnets are located at 

~ ± l m from IP and their opening aperture is ~ l m m , the secondary background 

produced by collisions between the bent electrons, positrons (primary background) 

and the magnetic poles should also be considered. For the secondary background, the 

crossing angle of the two beams is a key parameter because the primary background 

concentrates along the beam axes. If the crossing angle is needed to be as large 

as 30 ~ 40mrad, the crab crossing method has to be employed in order to avoid 

luminosity loss. This suggests the need for construction of two tunnels and therefore 

might change the accelerator design completely. If ~5mrad of the crossing angle, 

which corresponds to 2t, is enough for preventing the background from endangering 

detectors, the design constraint can be largely relaxed since it is easy to make such 

angle in the final focusing system without losing much luminosity. 
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2. Primary Background 

The primary background of e + e~ pair creations occur via coherent and incoherent 
processes. The former is the beamstrahlung photon conversion by the strongly collec
tive magnetic field produced by the opposing beam (current). Its probability depends 
mainly on a beamstrahlung parameter(T) . The former equals the latter at T ~ 0.4 
and becomes two order of magnitude higher than the latter at T > 1. The coher
ent process produces 106(108) pairs per pulse crossing in our case of T = 0.45(1.12) 
for E{,eam= 200(500)GeVpl . Although this number is enormous, there is an energy 
threshold (E^ = ^p" 1 ) 1 3 1 in the produced e* spectrum. Since the number of e ± 5 s 
below this threshold is suppressed exponentially, the amount of e^s bent outside 
the beam pipe is negligible. On the contrary the incoherent process consisting of (a) 
7e —> e e~*"e~, (b) e"*"e~" —* e^e~e^e~ and (c) e + e _ —* -ye^e- has no such energy 
threshold and the energy distribution of produced e^'s is inversely proportional to 
their energies. The subprocesses (a) and (b) dominate the incoherent process and 
have total cross sections of about 10 cm in the TeV region. Energy dependence 
of the cross sections is only logarithmic. 

3. Secondary Background 

The background due to the incoherent process is mainly discussed since the back
ground from the coherent process is negligible unless T > 10. Figs.1-1 and -2 show 
scatter plots of e^s created by the incoherent process at Ef,eam — 200GeV in a plane 
of their energies (Ee±) versus scattering angles in the horizontal^) and vertical(09) 
directions, respectively, where the scattering angles include bending angles by the 
electromagnetic field which the opposing beam produces. As is clearly seen in these 
figures, there is a strong correlation between the scattering angles and the ener
gies. For instance, it suffices to consider the e^s of Ee± < 10(20) and l(2)GeV for 
6xty\ > 5 and 30mrad, respectively. Our detector will cover a solid angle of more 
than O.lrad from the beam axis. The angular region less than this angle has to be 
occupied by the final focusing magnets and is irrelevant for most physics require
ments. The primary background can not enter directly into our detector because 

* The condition of T ~ 1 corresponds to a threshold for a photon of the same energy as the 
beam to convert into an e + e~ pair in the magnetic field produced by the opposing beam. 
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their transverse momenta(< 16MeV) are small enough for a typical solenoid field of 
1 Tesla to trap them in a cylinder of \r\ < 6cm around the beam axis. Therefore it 
is enough to consider the secondary background of photoneutrons and backscattered 
photons from the final focusing magnets. To estimate the secondary background, the 
total energy (£>g£;e±) and the number (E^n,,*) of the primary background e^s , 
which are integrated over angles above a certain scattering angle(0), are shown in 
Figs.2-1 and -2, respectively, as functions of 6. In these figures the values are for a 
single bunch crossing, where the beam intensity is 10 I 0e +(e~)'s/bunch. Since there 
are 10 bunches in a 14nsec bunch train which is considered to be a pulse and collides 
at 200Hz, we have to multiply the above values by 10 to get values for a single pulse 
crossing. 

The photoneutrons are emitted from giant resonances of nuclei in the final focus
ing magnet poles which are photo-excited by the primary background of e ± 5 s . The 
number of photoneutrons is proportional to the total energy deposit in the poles with 
a rate of 8.2 x 108n/Joule for iron (i.e. 0.13 photoneutrons per lGeV). As seen 
in Fig.2-1 the total energy deposit is 106(105) GeV in each pulse collision for 0 > 
5(30)mrad if the primary e^s are totally absorbed in the poles. Thus 1.3 x 105(104) 
photoneutrons are produced at 200Hz, and their total energy is 200(20)GeV per 
pulse collision because their average energy is 1.5MeV. However it is necessary for 
the photoneutrons to make signals in the detector in order to become real back
grounds. Figure 3 shows a typical detection efficiency for neutrons of a similar 
energy(1.65MeV) by a liquid scintillator5 . The efficiency is about 5% for an energy 
threshold of 0.3MeV and becomes nearly zero for a lMeV threshold. These neu
trons scatter uniformly over the detectors. They can be completely suppressed by 
setting an appropriate energy threshold(~ lMeV) for all channels of electromagnetic 
and hadron calorimeters whose total channel number is about 5 X 104. Even if the 
threshold is set to zero, the total energy deposit of the neutrons in the calorimeters 
will be as low as 10(1 )GeV. Timing information is also very effective to remove them 
because of their slow velocity. 

The backscattered photons were estimated by a simulation using EGS4 codes 
which traced down to IkeV photons with fluorescence and Rayleigh scattering. In 

t For the primary background e* of 0*^) > 0.03 their energies and their transverse momenta 
are expressed as £ e ± < ( ^ f ^ p 1 ) 2 and E'e± ~ B* - fll(s) < ""^^K respectively. 
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the simulation a mixture of Fe-Co-V(49-49-2%) was chosen as the material of the 
magnet poles. The simulated results are shown in Figs.4-1 for energy spectrum of 
photons and in Fig.4-2 for their number per electron (positron) as a function of the 
incident energy, respectively. The sharp energy peak at 0.5MeV corresponds to e + 

annihilation. Most of the photons have energies of more than O.lMeV. The number 
of backscattered photons increases slowly with the incident e* energy, which reaches 
about 5/e+(e~) at Ee± = lOGeV. As the integrated number of e ± 7 s for 9 > 5(30)mrad 
is 4(1) x 105 per pulse collision ( see Fig.2-2 ), the corresponding number of photons 
is 2(0.5) x ID6 at most. The flux of photons can be easily reduced by a factor of 
10 _ s with proper shielding (e.g. 5cm thickness of tungsten for 0.5MeV photons). 
The probability for the photons of E1 > O.lMeV to produce signals is a few % in a 
typical gas drift chamber for tracking of charged particles. Multiplying these factors, 
the total suppression factor becomes 1 0 - 7 . However, there is a tail in the energy 
distribution as shown in Fig.4-1 for E^ >lMeV, which amounts to 10% of the total. 
Multiplying i t (10 _ 1 ) by the shielding effect of 1 0 - 3 and the probability of interacting 
in the tracking chamber of 1 0 - 2 , the suppression factor for the tail is 1 0 - 6 . Therefore 
the background photons are expected to be 2(0.5) per pulse collision. 

4. Conclusion 

In summary, under the condition of T < 1 the background of e^s from the co
herent process can be neglected because they are confined in the beam pipe, thanks 
to their high energy threshold. Although the primary background from the inco
herent processes can not directly enter the detectors, the secondary background of 
photoneutrons and backscattered photons which are produced by collisions between 
the primary e^s and the final focusing magnet poles could be a serious problem. The 
amount of the secondary background strongly depends on the crossing angle between 
two beams. The crossing angle of 5mrad was found to be enough for avoiding the 
background problem, while the background rate for 30mrad is less by a factor of 10 
than that of 5mrad. Although the numerical calculations have been carried out at 
Ebeam = 200GeV, these conclusions are valid for Ebeam = 500GeV because the energy 
dependence of the incoherent background is logarithmic and results in an increase of 
only 20%. 
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FIGURE CAPTIONS 

1) Scatter plot of eF- created by the incoherent process in a plane of their energies 
versus their scattering angles( bending angles by the electromagnetic field which 
the opposing beam produces ), where Ebeam and the beam intensity are 200GeV 
and 10 1 0 e + ( e~ ) ' s per bunch crossing, respectively, corresponding to T = 0.45, 
(1) in horizontal direction(flx) and (2) in vertical one(0 9). 

2) (1) Total energy of the primary background particles per bunch crossing, which 
is integrated over their scattering angles above 0 = W0§ + 0% as a function of 
0. (2) Their total number integrated in the same way as (1), where the beam 
conditions are the same as Fig.l. 

3) Integral detection efficiency of 1.65MeV neutrons in a liquid scintillator (NE213) 
as a function of energy threshold which is normalized to electron energy. 

4) (1) Energy spectrum of photons backscattered from Fe-Co-V(49-49-2%), which 
is simulated by EGS4, where the energy distribution of incident electrons is 
uniform in the energies from 0.5GeV to lOGeV. The spectrum of the photons 
is insensitive to the incident energy. (2) Number of backscattered photons per 
electron (positron) as a function of the incident energy in GeV. 
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RF Power Sources for JLC 
H.Mizuno 

INTRODUCTION 
RF power sources are the one of the key problems to be 

solved for the next generation of the linear colliders. The 
candidates are mainly divided in to two categories, one is the 
conventional power sources such as klystrons, crossed field 
amplifier, gyrocon, lasertron and so on, the second approach is the 
so called two beam scheme, such as super conducting RF of CLIC 
project in CERN, and induction linacs at LBL, LLNL and in KEK. 

In the two beam scheme, there are many unresolved 
problems those are to be examined in the future test facility. In 
JLC project we must complete the elementary design work in 
1993, this time limit necessarily leads to the conclusion that our 
effort to develop RF power sources must be concentrated to the 
conventional power sources, such as klystron and, or the some 
hopeful candidate, for example crossed field amplifier. 

In JLC, the main linacs are to be the X-band (11.424 GHz) 
linacs with the accelerating field of at least 100 MeV/m. Therefore 
the necessary RF power per unit length is 100 MW/m or more 
than that, and the pulse duration is around 100 nano-second 
which corresponds to the filling time of the accelerating structure, 
this power requirement necessarily leads to the conclusion that 
the RF powe r unit must produce 400 MW/unit or more, 
considering the setting of the klystrons, modurators and pulse 
compression systems etc, alongside to the main linacs. 

Until 1993, our effort must be dedicated to the development 
of a 100 MW X-band klystron with the pulse duration of 500 nsec, 
and RF pulse compression sytem which creates the 100 nsec, 400 
MW RF power. 

JLC also requires the S-band linacs as a pre accelerator and a 
positron production primary beam with the energy of several ten-
Gev, for RF power sources for these kind of S-band linacs, 
klystrons with the peak power of up to 100 MW are already 
available and no R&D programs will be required for the power 
tube itself. 

TIME TABLE OF THE R&D 
Table-1 shows the present program of the RF power source 

developement in JLC project. The first part of this program is 
already carried out, the first test diode tube named XB-50D had 
been fabricated in May of 1989 and pulsed test operation has 
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been performed up to the cathode voltage of 450 kV, and showed 
no significant problems. Some details of this diode test is 
described in later section. The design work of X-band klystron, 
named XB-50K, with the output power of 30 MW is under 
progress and the first tube will be assembled in Spring of 1990, 
and later used for the several kinds of the X-band high power 
tests. The simulation of the diode with the beam power of 200 
MW or more named XB-72D with the cathode diameter of 72 mm, 
is currently under progress and at the cathode voltage of 550 kV, 
with the perveance of 1.2 micro, the simulation showed that the 
focusing of the beam is sufficient for X-band klystron. 

To produce the necessary RF power with the pulse duration 
of around 100 nsec, the R&D of the modulator and the pulse 
compression systems are also required and must be carried out 
during 1990 to 1993. 

RESULTS OF XB-50D DIODE TEST 
Fig-1 shows the aging history of the XB-50D up to the 

cathode voltage of 450 kV, this aging process was carried out at 
the repetition rate of 2 Hz, and throughout the aging process no 
serious high voltage breakdown was observed. And the aging 
process was still continued at 450 kV, and possibly can be 
processed over this value. At the cathode voltage of 450 kV the 
maximum surface field strength is 365 kV/cm, and the beam 
power was reached to 83 MW. The pulse shape of the cathode 
voltage and the beam current are shown in Fig-2. The measured 
perveance curve is shown in Fig-3, and no saturation in the 
cathode current was observed up to 450 kV. At 450 kV the 
cathode loading was about 10 A/cm 2. At the primary heater 
voltage of 70 V, the cathode temperature is estimated as 1020 
degree-Celsius, and the cathode life, determined by the Ba 
evaporation from the cathode surface, was estimated roughly 105 

hours. Further details of this diode and it's operation test are 
summarized in REF-1). 

XB-50K, 30 MW KLYSTRON 
The design of the 30 MW X-band klystron has been carried 

in 1989 and the design parameters are summarized in Table-2. To 
decrease the maximum surface field, the dimension of the 
focusing electrodes around the gun structure was re-designed and 
the maximum field strength was decreased by about 20 % 
compared to the original XB-50D. The simulations were carried out 
by the use of FCI-code, and the RF characteristics of the simulation 
is shown in Fig-4. At the cathode voltage of 450 kV and the beam 
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current of 170 A, maximum peak RF power of 31.7 MW with the 
effiency of 41 % was obtained. The RF cavity configuration and the 
input, output cavity dimensions, used in this simulation are shown 
in Fig-5(1),(2),(3). The fabrication of the first XB-50K is scheduled 
in May of 1990. 

100 MW-CLASS KLYSTRON 
With 30 MW class klystrons, the high power tests in X-band 

RF parts necessary for the design of JLC possibly can be carried 
out including the high gradient test operation of the accelerating 
structures, RF high power parts such as RF windows, wave guide 
systems, dummy load, and so on. However for the design of the 
main linacs of JLC, at least 100 MW RF power with the pulse 
duration of 400 nsec is absolutely necessary. 

To produce more than 100 MW RFpower in X-band klystron, 
two possibilities are currently considered, the first one is to 
redesign the focusing characteristics of present 100 MW class S-
band klystrons, and the second is to push up the cathode voltage, 
with the rather small cathode diameter ie, low perveance beam of 
around 1-micro-perveance. The first approach based on the 
#5045 gun structure was recently carried in SLAC, and 100 MW 
RF power was succesfully obtained.(REF-2) 

As the second approach for 100 MW klystron, some gun 
simulation were carried out, using Herrmannsfeld's E-GUN code. 
The dimensions of the gun used in this simulation, and the result 
of the ray tracing are shown in Fig-6 and FIG-7, respectively. This 
preliminary survey showed the possibility of the X-band klystron 
of 1.2 micro-perveance at the cathode voltage of 550 kV. The 
tentative beam parameters of a 100 MW klystron, named XB-72K, 
is summarized in Table-3. The higher cathode loading of 20 
A/cm 2,and the high cathode voltage of 550 kV are the main key 
problems to be checked prior to the design and the fabrication of 
this klystron. The diode test of this gun, the design of the 100 MW 
klystron and the fabrications of the diode and the first klystron 
are the main tasks to be done in FY1990. The first power test is 
hopefully scheduled at the end of FY 1990. 

Modulator 
The modulater for the X-band klystron must produce the 

shorter pulse width as 400 nsec or so and it's rise time must be 
short considering the efficiency of the RF power source. Present 
modulators in KEK made for the ATF(Accelerater Test Facility) S-
band klystrons, #5045. and E3712, have longer rise time as 1-
microsec. Some R&D effort including the Magnetic Pulse 
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Compression scheme, must be necessary for the design and 
fabrication of the new modurator for 100MW X-band klystrons 
for the main linacs of JLC. 

RF PULSE COMPRESSION SCHEMES 
The difficulty of obtaining the short pulse modurator and 

high peak power klystrons more than 200 MW, forced us to the 
conclusion that, with the 100 MW klystrons, some RF pulse 
compression scheme will be essentially necessary for the 
construction of the RF power sources for JLC X-band linacs. For 
this purpose , two methodes are presently considered, the first 
one is the SLED(REF-3), which is successfully applied in SLC to 
achieve the higher acceleration gradient, and the other one is the 
binary peak power multiplier scheme proposed by Z.D.Farkas et 
al.(REF-4,5). This methode has already been checked in the low 
power wave guide sysytems by Z.D.Farkas and his colleagues, and 
it's high power test is sheduled to 1990. Considering the multi-
bunch operation of the X-band main linacs of the JLC, the second 
scheme will be preferable because of it's ability to make the RF 
pulse shape sutable for the acceleration of the multi bunch beam. 
No activity for these pulse compression scheme has been in JLC 
project, R&D for these schemes must be considered. 

REFERENCES 
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Fig-3 XB-50D (1990-01-23) 
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Fig-4 

Pin-Pout Characteristics of XB50K (FCI Simulation) 
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Table-3 

Gun Parameters of 

Perveance 
Cathode Voltage 
Beam Current 
Beam Power 
Cathode Diameter 
Cathode Spherical 
Cathode Loading 

1.18 micro 
600 kV 
548 A 
329 MW 
72 mm 
60 mm 
13.7 A/cm 2(Average) 
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ACCELERATING STRUCTURE 

Toshiyasu ffigo, KEK 
(1) Introduction 

In a linear collider, electrons and positrons should be 
accelerated to the final energy E by the accelerating structures in the 
main linac without serious blowup of the emittance with a 
reasonable amount of wall plug power. Typical parameters of the 
main linac of JLC[1] are listed in Table 1 below. In the following 
sections, we discuss basic parameters of an accelerating structure, 
the present status of an R&D on. a basic fabrication of the accelerating 
cells, the status of obtaining a high gradient in a real accelerating 
structure and finally possible cures for maintaining the emittance 
through a linac in a multi-bunch operation. 

Table 1 Typical parameters of JLC main linac. 

Energy per beam E 500 GeV 
Accelerating gradient G 100 MeV/m 
Number of particles in a bunch N 1.0 * 10 1 0 

Number of bunches in a train b 10 
Bunch spacing 1.4 nsec 
Accelerating RF frequency Frf 11.424 GHz 
Accelerating mode 2TI /3 
Beam aperture a/A. 0.14 
Repetition frequency Frep 200 Hz 

(2) Parameters of accelerating structure 

If S-band accelerating structures are used for the acceleration, 
a total length of the acceleration L (= E / G) will be larger than 
30km/linac, since the accelerating gradient G of the present S-band 
linac is at most 17MV/m (SLC at SLAC). In order to reduce L to a 
reasonable size of several kilometers, an accelerating gradient of the 
order of lOOMV/m is required. However, a wall plug power to obtain 
the gradient of lOOMV/m at S-band is practically too large to realize. 
As the stored energy per unit length is related to the gradient G 
through the elastance s of the structure as 
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G 2 = s u, 
s = a r/Q oc ai2-, 

higher frequency is preferable to reduce the wall plug power which 
is proportional to uL. A smaller filling time Tf oc to" 3 / 2 for higher 
frequency is also preferable to obtain a high gradient without 
breakdown. However, as the transverse wake field is proportinal to 
F r f

3 , the transverse emittance growth is severe for high frequency 
structure. The JLC adopted the frequency of 11.4GHz (X-band). 

In the rest of this section, we discuss structure-related 
parameters of a constant impedance structure by varying 
parameters around the typical values listed in Table 2. The peak 
power for a structure Ps and the total wall plug power PAC for two 
linacs are expressed as 

G 2 = ( ^ ) 2 = 2 o c r P s T i s , 

L Frep Ps Tf 
P A C = 

C TlrfLs 

l-exp(-T) 2 lis - ( ) , 

where G is the average accelerating gradient in a structure of length 
Ls, a the attenuation constant, X the total attenuation parameter of 
the structure, r the shunt impedance per unit length, T| s the 
structure efficiency, Tf the filling time of the structure and T\ rf the 
conversion efficiency from wall plug power to RF power. 

As T decreases, T\s increases and then Pg and PAC become small. 
However, the structure length L s is proportional to X and then the 
total number of structures in two linacs Ns=L/Ls becomes very large 
for small T. On the other hand, too large a x value is not good because 
the ratio of maximum gradient to the average one in a structure 
r i s - 1 / 2 is large. Considering these points, the value x=0.5 is chosen. 

The operating mode is set 2rc/3 mode. This mode is good 
because of much experience from many existing linacs. The group 
velocity of the mode can be high enough to operate with a 
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reasonably short RF pulse while maintaining almost as high a shunt 
impedance as that of the % mode. 

To save the total wall plug power and to reduce the peak 
power for a structure, the beam hole aperture a should be as small as 
possible. However, the single bunch beam stability against transverse 
motion poses a lower limit of a such as aA > 0.12 in the JLC. At 
present, the value aA=0.14 is adopted. 

As the disk thickness t increases, the group velocity decreases 
and then the peak power for the structure reduces though the 
length of the structure also reduces, while the wall plug power 
remains roughly constant. On the other hand, the ratio of peak 
surface electric field to the accelerating gradient Ep/Eacc becomes 
broadly minimum at 3+lmm. Considering these points, the value 
t=2mm is adoped. 

Table 2 Basic parameters of accelerating structure at X-band 
Frequency F r f 

11.424 GHz 
Wave length X 26.242 mm 
Mode 2n/3 
Type Constant impedance 

Travelling wave 
Total attenuation T 0.5 
Beam aperture radius a a/X=0.14 
Disk thickness t 2 mm 
Q value Q 6614 
Shunt impedance r 93 MQ/m 
Group velocity Vg/C 0.02525 
Elastance s 1010 MQ/m/u.sec 
Attenuation parameter a 0.717 m 1 

Structure length u 0.697 m 
Filling time Tf 92 nsec 
Peak power for a structure Ps 121 MW 
Total wall plug power PAC 92 MW 
Total number of structures Ns 14350 

(All values are based on the calculation by SUPERFISH[2]. 
Following asumptions were made. The T\rf is 0.35, RF pulse 
length is equal to Tfand the Q value is equal to that calculated.) 
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(3) Status of basic fabrication technique 

Regular accelerating cells of X-band accelerating structure such 
as shown in the Fig. 1 were machined and brazed to study a basic 
fabrication method. The final machining of about 0.1mm depth was 
performed using an ultra-precision lathe with a diamond tool. 
Several cells were stacked and brazed by silver alloy (BAg-8). 

24 
7.5 

27, 

20 24 30 

11.25 
Fig. 1 Structure for basic fabrication study. 

Typical data obtained in this study are listed in Table 3. From 
the data, basic fabrication level was found high enough to construct a 
structure composed of cylindrically symmetric cells, which can be 
used for a high gradient experiment. As a next step, a method of 
constructing a coupler cell with an iris which destroys the cylindrical 
symmetry should be studied to construct a real accelerating 
structure. 

Table 3 Results of the first fabrication test. 
Machining 

Diameter ±5 V- / 20mm 
Coaxiality 4 u. 
Circularity l|i 
Surface roughness 0.1 p. PV 

After brazing (6 cells) 

4H 

Relative frequency variation among cells 
Q value (Qmeas./Qcal.) 

10-
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(4) High gradient experiment 

As the accelerating gradient necessary for the JLC is much 
higher than the level in the present linear accelerator, R&D's should 
be performed on how such a gradient can be achieved in a real 
accelerating structure. 

Breakdown limits for various frequencies were examined by 
SLAC-Varian collaboration for a short sections in a standing wave 
mode[3]. They estimated the maximum surface field to be 195VFrf 
from the experimental data points indicated as 1 in Fig. 2. As the 
ratio of surface field to the accelerating field is roughly 2 for a usual 
disk-loaded accelerating structure, an accelerating gradient of 
lOOMV/m at X-band seems to be easily obtained. However, as a real 
accelerating structure in a linear collider is much longer and 
operated in a travelling wave mode, the above data does not ensure 
the same breakdown limit for a real structure. 

"g* 600 
> 
^. 500 

j® 400 

Q) 

*̂  
w 200 
3 E x 
CO 

100 

• 
- 1 

• 

1 l 
1 

H 1 <M 

• 

• 2 

1 SLAC-Varian 
2 0.6m KEK 

3 KEK Res. Ring 

4 SLAC Rel. Kly. 

5 10 

Frequency (GHz) 
15 

Fig. 2 Maximun surface electric field obtained versus 
frequency. 1) summary from SLAC-Varian's data, 2) 0.6m 
constant gradient accelerating structure, 3) 5-cell constant 
impedance structure in a resonant ring system and 
4) temporary data from SLAC-LBL-LLNL collaboration. 

In order to study how to obtain a high field in a real 
accelerating structure operated in a travelling wave mode, a 0.6m 
long S-band accelerating structure is being studied at KEK[4]. An 
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accelerating gradient of 40MV/m was easily obtained, but further 
increase of the field was found difficult. The maximum surface field 
obtained up to now is shown in the figure with the point indicated as 
2 in Fig. 2, though the conditioning is still going on. T ,s data is low 
compared to those indicated as 1 in the same figure. One of the 
possible reasons is simply that the conditioning is not finished. But, 
there are many phenomena which indicate the breakdowns near the 
output coupler cell, such as a large amount of photon emission from 
the output coupler cell or a drastic change of an energy spectrum of 
field emitted electrons in the range of a few MeV by applying a 
magnetic field at the output coupler cell. Considering these 
phenomena, we guess that the gradient practically obtainable may be 
very low compared to that estimated from 195VFrf. Therefore, we 
should proceed high gradient experiments in a structure with a 
realistic configuration to understand the mechanism of field emission 
of electrons and breakdowns and finally to obtain a high gradient 
stably in an actual accelerating structure. 

(5) Wake field issues (especially damped cavity study) 

After fixing single bunch parameters and a repetition rate of 
the linac, the only method to increase a luminosity L is to increase a 
number of bunches in a pulse as shown in the following equation, 

L _ N2 b F r e p Hp 
4 7i a x o"y ' 

where HD is a pinch enhancement factor and a x and a y are the beam 
sizes at the interaction region. However, the wake field which is 
excited by the previous bunchs kicks the following bunches and this 
mechanism will cause a serious transverse emittance growth. 

If the main component of the wake field is due to a 
fundamental transverse mode, we can design the accelerating cavity 
so that the frequencies of the mode in the cells are properly 
distributed around a certain value, resulting in the effective decrease 
of the transverse kick within 10 bunches[5]. However, the other 
higher transverse modes may destroy this method. Moreover, the 
fabrication becomes very difficult since one of the higher modes 
should also be tuned in addition to the fundamental accelerating 
mode. 
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Another method of cure is to dampen the excited wake field 
before the arrival of the following bunch[6]. In the JLC, the Q value of 
the fundamental transverse mode should be lower than 15. In this 
case, the frequency tuning of the mode is not necessary[7]. The Q 
values of the higher modes in a two-cell cavity with a structure to 
dampen the higher modes was studied[8]. The schematic drawing of 
the structure is shown in Fig. 4. 

Fig. 4 Schematic drawing of a two-cell damped cavity. In 
an actual structure, the waveguide is terminated with a 
broadband load. 

The Q values are calculated using the code MAFIA[9]. The 
results are shown in Fig. 5 for the fundamental transverse mode 
(TMllO-Jt like mode). The Q value of 10 was found to be obtained. 
The calculated Q values were checked experimentally and they 
agreed with those measured within less than a factor of two. It was 
indicated from the figure that the Q value of even the structure with 
3/4 slots in Fig. 4 can be low enough for the JLC. This structure is 
good comparing to the full slot case because of no sharp edges (which 

— 97 — 



is easily introduced from a milling process) around a beam aperture 
area where a high field exists. Detailed calculations and experiments 
are still in progress. 

j 

i i • 3/4 slot 
• 13 

full SiOt B • 
Q 

•t—n-r -i-i-n-r 

0 5 10 15 20 25 30 
Iris width W1 (mm) 

Fig. 5 Calculated external Q values of TMllO-jt mode for two-
cell C-band structure with two slots in the disk between the cells. Wl 
is the width of the iris shown in Fig. 4. The other parameters 
appeared in Fig. 4 are as follows; W2=WG2=10mm and WGl=22mm. 

Further development 

A fabrication of X-band accelerating structure with 20 cells are 
in progress aiming at a high gradient study soon. Studies on a 
damped cavity for more realistic structure, a long structure with 
loads, should be performed in parallel. A basic and practical study on 
a high gradient at S-band should be continued, together with simple 
experiments in such as a single-cell in a standing-wave condition. A 
similar experimental study should also be started at X-band. 
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STATUS OF CERN LINEAR COLLIDER STRUCTURE STUDIES 

I.Wilson 
CERN, Geneva, Switzerland. 

Abstract. 

This paper gives a general outline of the CERN Linear Collider (CLIC) and in 
particular describes the status of the work on the main—linac accelerating 
structure. 

Introduction. 

Each linac proposed for the CERN Linear Collider CLIC is composed of 
50'000 25cm long accelerator sections operating at 29 GHz with gradients of 
80 MV/m to produce beam energies of 1 TeV.This paper gives the main pa
rameters of such structures and describes some of the technical problems asso
ciated with them. 

General CLIC layout. 

CERN's approach to the problem of producing the very high peak powers re
quired for linear colliders is the so—called "two —beam accelerator" scheme. 

main linac 

drive l lnac_ = Q 

30GHz 

Fig.l CLIC two —beam accelerator 

In this solution, a tightly bunched drive beam of a few GeV delivers energy to 
a series of 29 GHz travelling—wave transfer structures which in turn feed 
power to the main linac (Fig.l). The drive beam is periodically re — accelerated 
in superconducting cavities fed from continuous wave klystrons at relatively 
low frequency (350 MHz) and high average power. 

Drive linac parameters and transfer structure. 

The parameters of the drive linac are given in Table 1. Two major problems 
can be identified. The first is the generation of the very short (lmn) high in
tensity (lO1^) bunchlets with 1cm spacing that constitute each drive beam 
pulse. A CLIC Injector Test Facility (CTF) is being built to study this prob
lem with emphasis placed on laser - illuminated photo—cathodes in RF cavi
ties and magnetic pulse compression. 
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Accelerating gradient Esc 6 
Active length fsc 2.5 
Total voltage gain Use 15 
Frequency msc 352 
R/Q per unit length R'/Q 270 
Quality factor Qsc 5 x 10* 
Cryogenic power (0.2"7o efficiency) P«yo 33.4 
Total drive bunch population 
(in 4 trains of 11 bunchlets) Qd 4.6 X 10" 
Energy extraction per drive pulse ISC 0.26 

Table 1. CLIC drive linac parameters 

The second problem is the design of a suitable transfer structure. The structure 
must have an extremely low shunt impedance and be sufficiently open to avoid 
creating self-decelerating and self-deflecting wake fields by the intense drive 
beam. The 3 GHz model shown in Fig.2 has been measured on the bench and 
with beam in the LEP injector but recent Wakefield calculations show that it is 
unacceptable in its present form. 

Fig.2 3 GHz transfer structure model 
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Main linac parameters. 

The parameters of the main linac are given in Table 2. 

Energy eU ITeV 
Luminosity L 1.1 x 10 s 3 c m - 2 s" - i 

Final focus beam height a'y 12 nm 
Final focus aspect ratio R 5 
Fractional energy loss 5 0.27 
Fractional average critical energy T 0.71 
Pinch enhancement HiHy * Hy 2.37 
Disruption D 3.3 
Bunch length Oi 200 (im 
Vertical emittance «« 10"* m 
Emittance ratio €nx/€ny 3 
Bunch population N 5 x 10* 
Accelerating gradient Eo 80MV/m 
Repetition rate I rep 1.69 kHz 
R/Q per unit length R'/Q 28 kQ/m 
Iris aperture/wavelength aA 0.2 
RF frequency f 30 GHz 
RF power PRF 35 MW 

Table 2. Main linac parameters 

The CLIC design luminosity L = l . lxlO 3 3 c m _ 2 s - 1 is based on single 
bunch operation but could in principle be increased by running in a multi— 
bunch mode in which case transverse damping slots would have to be worked 
into the accelerating cells. Although emittance blow—up problems due to 
wake-fields associated with multi-bunch schemes make this option for the 
moment unlikely, the possibility of incorporating such slots into CLIC struc
tures is being studied. 

Frequency. 

One way to obtain high accelerating gradients at acceptable RF power to beam 
power efficiencies is to operate at very high frequencies. Values around 30 
GHz (1cm wavelength) however appear to be a limit imposed by transverse 
wake field problems and fabrication difficulties. The destructive effect of beam 
induced transverse wake fields increases with the third power of the frequency 
but can be held within reasonable limits in single bunch operation by adopting 
the rather large aperture to wavelength ratio of 0.2. 
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Main structure and RF focusing units. 

An energy of 1 TeV per beam will be obtained in CLIC by classical RF accel
eration using a high gradient disc loaded waveguide (DLWG) operating at 29 
GHz. Although most of the sections will have a circular aperture a small frac
tion will have slots. These slotted sections, when suitably orientated and posi
tioned, produce RF quadrupoles of considerable power whose main role is to 
create a large spread in the wavelengths of the transverse oscillations of the 
particles within a bunch in order to stabilize the disruptive transverse wake 
fields. The influence of slot height on effective focusing gradient (G) and ef
fective axial electric field (Ez) has been investigated and an on axis value of 
G/Ez = 0.85 found for a 3.5mm slot. This would give, for example, a focusing 
gradient of 23 T/m for an effective accelerating field of 80 MV/m for operation 
at an RF phase angle of 20° from the peak. It should be noted that for maxi
mum focusing there is no acceleration and vice versa. 
The assumed design values for operation in the 2ir/3 mode at 29 GHz. are 
given in Table 3. 

Shunt impedance 109 M£2/m 
Quality factor 4112 
R'/Q 26.5 kl2/m 
Group velocity (v„/c) 7.4% 
Field attenuation 0.25 Ncpcrs/scclion 
Gradient 80 MV/m 
Section length 24.8 cm 
Fill time and pulse length l l .3ns 
Cells per section 72 
Sections per linac SO'OOO 
Ratio outpul/inpul power 0.61 
Total peak input power 1.875 TW/ l i nac 

150 MW/m 
Repetition rate 1.69 kHZ 
Total average input power 35.75 MW/linac 

2.86 kW/m 
Average dissipated power 1.125 kW/m 

Table 3. Assumed design values for CLIC accelerating structure 

Multi - bunching and transverse slots. 

For operation in a multi-bunch mode transverse damping slots would have to 
be worked into the accelerating cells. These radial slots (illustrated by the 
model shown in Fig.2) when coupled to waveguides would channel away any 
induced deflecting — mode power into absorbing loads. The slots and small rec
tangular waveguides in this model were cut by electro—erosion, an elegant way 
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of precision machining which leaves, however, the unsolved problem of intoler
ably sharp edges. It is for this reason that SLAC prefers to compose every iris 
from four separately machined segments. 

Fig.2 Model of slotted iris with radial waveguides 

Transverse alignment. 

The very small beam emittances required in CLIC to achieve the design lumi
nosity must be conserved through the accelerating structure as the beam passes 
from the damping rings to the final focus. This sets very tight tolerances on the 
structure position. It is foreseen to maintain the transverse alignment tolerance 
along the linac - calculated to be less than 10 /im rms - by active feedback 
using precision movers and a beam derived pickup signal. The suitability of 
using a simple circular cavity, coaxial to the beam axis and excited in the Ej j 
mode by an off—centre beam, is being studied as a possible position pickup 
device with /im resolution. Incorporating the pickup into the main accelerating 
structure with a precise reference to the movers is however essential. 
A micro - movement test bench is being prepared to gain experience of move
ment and measurement in the micron world. The model shown in Fig.3 was 
built to test the coupling between displacements for a possible support system 
for several accelerating sections on a common girder. 

Water - induced vibrations. 

The contribution of cooling water induced vibrations to the problem of uncor
rectable transverse jitter has been investigated using a typical CLIC accelerat
ing section. For the nominal flow rate of 1.7 1/min per per channel a maximum 
vertical amplitude of + / - 15nm was measured. 
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Fig.3 Model support system 

Conceptual design. 

A conceptual design for the CLIC main linac structure is shown in Fig.4. 
Several high precision accelerating sections are mounted on a common support 
beam which is equipped with precision movers at each end to enable position
ing errors of the structure to be corrected. The error signal is provided by a 
beam position monitor which is built into the first accelerating section of each 
multiple section module. 
A cross - section of the structure is shown in Fig.5. The structure is pumped 
through a series of radial holes (or damping slots if incorporated) by four vac
uum manifolds. If necessary these manifolds could also act as sinks for the 
dissipation of higher order mode energy. The four 6 mm diameter holes which 
provide the cooling have been positioned in such a way that two diametrically 
opposed recessed holes can be incorporated for dimple tuning. The outer di
ameter of the structure is used as the reference for alignment purposes during 
fabrication and assembly. 
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Fig.4 Conceptual design of the CLIC accelerating structure. 

m 
T-

Fig.5 Cross - section of CLIC accelerating structure. 

— 106 — 



Fabrication by electroforming. 

Studies have been carried out with the aim of fabricating complete section 
lengths by depositing copper onto disposable precision machined mandrels. 
Filling the 0.55 mm wide grooves with copper without forming voids or cracks 
is however difficult. Two techniques have been investigated; introducing elec
trodes into the grooves to create a more favourable field distribution, and jet 
spraying electrolyte through fine nozzles onto the bottom of the grooves. Re
sults obtained for both techniques were disappointing (non—uniform deposi
tion and very long deposition times) and further studies are not foreseen. 

Fabrication by the machine and braze technique. 

The most promising fabrication method (at least for the moment) is still the 
brazing of machined copper cups. The ability to produce high quality brazed 
joints in a consistent way is however problematic and although first results us
ing the geometry shown in Fig.6 are encouraging, studies are continuing to find 
a reliable solution. 

I 

MIRROR FINISH COPPER/COrPER 
DIFFUSION BONDED SURFACE 
CRI-A IF.D DURING BRAZING CYCLE 
PROVIDES EI.ECIRICAI. CONTACT AT 
INNIK SURFACE AND BLOCKS FLOW 
OF EXCESS BRAZE MATERIAL INTO 
CAVITY 

PARTIALLY DRILI .ED COOLING 
WATER CI IANNELS USED TO HOUSE 
AU;OY TOR BRAZING 

01 HT.R DIFFUSION BONDED SURFACE 
nillCKS FLOW OF EXCESS BRAZE 
MATERIAL OUT OF CAVITY 

Fig.6 Details of disc interface geometry for brazing 

It has been shown (see section on electrical measurements) that copper cups 
can at least be machined to an accuracy that excludes the need to dimple tune 
using Pneumo MSG-325 diamond tool lathes. The copper cups shown in 
Fig.7 for example have 1 jam tolerances and a Nl surface finish (R a = 0.025 
/urn). 
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Fig.7 Precision machined copper cups. 

The high cost however of these ultra—precise cups and the frequency detuning 
uncertainty of the subsequent brazing operations indicate that cups machined 
on less sophisticated machines combined with dimple tuning is probably the 
most promising approach to adopt. 

Electrical measurements. 

Measurements of frequency and phase shift per cell have been made on un-
brazed clamped stacks of discs at 22°C. in air. A comparison of the measured 
frequencies of the fundamental pass band with the theoretical URMEL calcu
lation suggests a prediction accuracy of 0.3%. 

i s in is 

DISC NUMBER 

Fig.8 Phase advance errors for 15 cells 
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The phase advance per cell was obtained by the nodal shift technique when 
looking at the structure through a matched coupler (VSWR=1.03). The devi
ation from the expected 120° per cell is shown in Fig.8 for a total of 15 discs. 
The values range from -0.25° to +0.15° 
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Active Alignment System for JLC 

N.Ishlhara 
JLC Alignment Group**' 

National Laboratory for High Energy Physics 
1-1 Oho, Tsukuba, Ibarakl, 305 Japan 

Abstract 
To realize beam collisions a t JLC, accelerator elements in 

the final focus region should be aligned in the order of 10 nm at 
least, against noise vibrations caused by ground motions and 
other vibration sources. Actively controlled methods seem to be 
essential to align the elements. New t r ia ls for the active 
alignment are mentioned here, including a t e s t facility 
constructed a t KEK. 

Introduction 
To get high luminosity in a colliding accelerator, i t is necessary to 

focus beams as densely as possible a t the interaction point. In case of 
Japan Intermediate energy Linear Collider (JILC), which is proposed as 
the first step toward Japan Linear Collider (JLC) of TeV energy, beam 
sizes are designed to be 2 nm ver t ica l ly and 290 nm horizontal ly . C 1 > 

Since the beam tra jectory is fixed by the accelerator elements, as 
quadrupole magnets and steering magnets, those in the final focus 
region are required to be aligned with accuracy of the order of beam 
sizes. On the other hand the ground is always moving and i t s amplitude is 
larger than the beam size. There also exist vibration sources as water 
and air flows for cooling. We have to keep the element position stable 
against the noise vibration. We will discuss here how large the ground 
motions are in comparison with the beam sizes and what kinds of efforts 
are made to damp the motions so far. 

Ground motions 
We measured the ground motions a t the underground of 16 m depth 

(*) Members of JLC Alignment Group a t KEK 
N.Ishihara, S.lwata, T.Matsui, H.Matsumoto, H.Mlzuno, T.Sumiyoshi, 
S.Takeda, Y.Takeuchi and M.Yoshioka 
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at KEK site (Nikko Experimental Hall). Table 1 shows the amplitudes of 
the displacement and the acceleration measured independently by the 
dedicated devices. 

Table 1 Amplitudes of the ground motions at Nikko experimental hall . 

No. Displacement ( u ) Acceleration (gal) Environment 
X Y Z X Y Z Air Con. Klystron Crane 

1 2.6 2.4 2.6 0.4 0.5 1.3 ON ON OFF 
2 2.4 2.1 2.3 0.4 0.4 1.1 ON OFF OFF 
3 2.8 2.5 2.5 0.3 0.3 0.6 OFF ON OFF 
4 3.5 3.0 3.4 1.3 0.9 2.6 ON ON ON 
5 2.6 2.3 2.5 0.4 0.4 1.3 ON ON OFF 

X,Y and Z stand for the directions of East-West, North-South and 
Vertical, respectively. 

It is noticeable the crane operation influenced the vibration. Observed 
displacement amplitudes of 2 ^ m or more are larger than the vert ical 
beam size by three orders of magnitude. To investigate frequency 
components, Fourier analyses were made as shown in Table 2. The low 
frequency vibration of 3 Hz is noticeable and its amplitude is in the 
order of 100 nm. How can we damp such low frequency vibrations? 

Table 2 Frequency components of the displacement in case of No.4 in 
Table 3. 

Horizontal (X) Horizontal (Y) Vertical (Z) 
Freq.(Hz) Amp.(nm) Freq.(Hz) Amp.(nm) Freq.(Hz) Amp.(nm) 

2.5 586 3.0 356 3.0 311 

196.0 271 196.0 267 196.0 273 

189.5 242 194.0 210 194.0 263 
194.0 219 189.5 197 100.0 188 

191.5 192 181.0 173 189.5 179 

181.0 174 100.0 160 191.5 181 
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Vibration-proof tables 
We generally use a passive vibration-proof table to isolate some 

facilities from the ground motions. Does the table have a performance 
enough to keep the accelerator element stable? Fig.l shows the results 
of frequency analyses for the table and floor movements when the floor 
was forcibly vibrated. While the higher components than 10 Hz are 
reduced, the lower than 5 Hz are ra ther amplified. This is due to the low 
natural frequency of the table. 

Il K V 
\ \ 

V i/V flo< r 

\ 
V Vv, K 

\ tabl [ \* \ u S *\, 
20 30 

Frequency ( Hz) 

Fig.l Frequency analyses for the 
table and floor movements. 

Swoy X . Y . Z 
Rotation flx.fiy.Oz 
—•Control Force 

Fz4 Z 

Fig. 2 Definition of the freedom 
and the control forces for TACMI. 

Takenaka Co. recently developed the actively controlled 
vibration-proof table, TACMI (Takenaka Active Control Microtremor 
Isolation system) for semi-conductor processing. c a > The TACMI has a 
control abi l i ty of 6 degrees of freedom (x, y, z axes and their rotations) 
as shown in Fig.2. The conceptual block diagram is shown in Fig.3. The 
table is isolated from the floor by the air spring which absorbs the high 
frequency components. Acceleration sensors with the high sensitivity of 
0.02 gal are mounted on the table and detect the movements in the wide 
frequency range of 0.2 - 30 Hz. The control ler (digital servo module) 
calculates the table displacement by integrating the acceleration and 
commands the actuators (linear motors or air ac tuators for a large load 
capacity) to make counteractions keeping the table stable. This system 
can reduce the vibration of 1 gal acceleration amplitude to lower than 
1/10. Fig.4 shows the wave forms of the table vibration (a) without the 
control and (b) with the control , when a shock was direct ly added to the 
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t a b l e . The damping time of t he wave shown in (b) is abou t 0.1 sec. 

Fig.4 Wave forms of t h e TACMI 
Fig.3 Conceptua l b lock diagram of t a b l e v ib r a t i on , (a) without t h e 
TACMI. control and (b) with the control. 

Test facil i ty a t KEK 
An accelerator tuning will demand that the positions of accelerator 

elements are s table for a long period. In this case position sensors like 
a laser interferometer or an e lect r ic capacitance micrometer are 
preferable to the acceleration sensor, because the acceleration 
measurement is difficult in the frequency range lower than 0.1 Hz. We 
began a fundamental study last year to understand the active alignment 
system using the position sensors. The f irst effort aimed at 
investigating the limit of the conventional technique. In order to 
simplify the problem we star ted to make a tes t faci l i ty with one control 
axis. The processes of fabrication and tes t are as the following, 

1988 Sep. Design of the tes t facility, 
Nov. Order for components, 

1989 Mar. Assembly, 
Apr. Fi rs t data taking with sine wave at 1 atm, c a > 

Jul . Data taking with random no i se , M 5 

Aug. Data taking in the vacuum space. 

The t e s t facil i ty consists of a laser interferometer, a double 
control stage equipped with piezo transducers and position sensors, and 
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a passive vibration-proof table, as shown in the picture of Fig.5. 

Fig.5 Picture of the test facility. 

The following are descriptions of these components and the 
performance of the test facility. 

(1) Laser interferometer 
Since the initial goal is to keep the distance stable within the order 

of 10 nm at the maximum length of 1 m, the wave length of laser is 
required to be stable to 5x l0 - 3 . We also use the facili ty in a vacuum 
vessel to avoid the effect of air turbulence. From these points of view, 
we chose the separate-function laser system, called L-IM-10 (He-Ne laser 
of Tokyo Seimitsu Co.,Ltd.), in which the interferometer head is 
connected by fiber cables to the laser generator and to the fringe 
counter. We can easily install the head in the vacuum space by using a 
feed flange for fiber cables without any beam alignment. The principle of 
the laser system is the Michelson type interferometer as shown in Fig.6. 

The laser beam coming from the generator is led through the fiber 
cable to the head and goes to the sp l i t te r . One beam goes to the built-in 
reflector and the other goes to the cornered cubic ref lector mounted on 
the object, from which we want to measure the distance. Beams coming 
back from both reflectors make interference fringes on the plane where 
four photosensors are arrayed. F.ach photosensor receives the light 
intensity given by 
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I(x) = 1 + cos ( 4xx/l + a ), 

where x is the path difference of two beams, X the light wave length 
(~633 nm) and a the init ial phase. The phase difference from the next 
sensor is n /2 , so the subtracted signals are 

I1-I3 = 2cos(47rx/^ ) and I 2 -U = -2sin(4rc x/X ) , 

without dc component. Since the resolution of phase readout is achieved 
to be ff/16, one cycle of the signal (1/2) is divided into 32, and thus 
the position resolution is I /64 = 10 nm. 

(2) Double control stage 
The control stage made of stainless s teel has a double s t ruc ture , 

the upper and the lower stage with the same moving axis. An overall 
dimension of the stage is 180 mm x 160 mm x 42 mm, and movable par ts of 
both stages have the same dimension of 100 mm x 100 mm and the weight 
of 1.2 kg. The typical loads of the upper and lower stages are 10 kg and 
14 kg, respectively. Since the design value of spring constant is 1.47 x 

10 7 N/m for both stages, the resonant frequencies are calculated to be 
193 Hz for the upper stage and 163 Hz for the lower, using the relation 

f = (1/2 f f ) • (K/M)1-^, 

where f is the resonant frequency, K the spring constant and M the load 
mass. These frequencies are high enough in comparison with the 
operating frequency of less than 20 Hz. 

Each stage is actuated by the piezo transducer. The transducer 
should have low driving voltage to avoid possible discharge in the 
vacuum space, and to have good linearity to achieve fast response in the 
feedback system. The selected transducer is Model P-841.20 of Physik 
Instrumente Co., driving voltage of which is 100 V for the expansion of 
30 (i m. The transducer has a position sensor installed in the same 
casing. I t is thereby possible to get as excellent l inearity as 0.1 % of 
full scale. 

In order to measure the real motion of the stages, a capacitance 
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microsensor (made by ADE Co.) with the accuracy of 2 nm for 1 IL m 
displacement is also installed in each stage. 

Specifications of the upper stage confirmed by t e s t s are shown in 
Table 3. The discrepancy of resonant frequency between the design 
value and the actual one is due to the larger spring constant of the 
actual stage. 

Table 3. Specifications of the 
control stage. 

Dimension 100 mm x 100 mm 
(movable part) 
Movable range 21 ii m 
Yawing angle < 0.2 sec 
Resonant frequency 250 Hz 
Response time 40 msec//i m 
Position resolution 5 nm 
Load capacity 20 kg 

::::: m^ 
Photo Dlodi 

l~4 ,1 

Rtfltctor 

EIJ=> 
Corntr Cubo 

Fig. 6 Conceptual diagram of the 
Michelson type interferometer. 

(3) Vibration-proof table 
To remove the high frequency vibration, the interferometer head and 

the double s tage have been mounted on the conventional vibration-proof 
table (made by Meiritu Seiki Co.). The table is supported by air-springs 
and i ts na tura l frequencies is 1.5 Hz. Specifications of the table is 
shown in Table 4. 

Table 4 Specifications of the passive vibration-proof table. 

Dimension 
Load capacity 
Table weight 
Natural frequency 
Damping method 

1500 mm x 1000 mm 
300 kg 
280 kg 
1.5 Hz 
Air spring 
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(4) Performance 
A block diagram of the tes t faci l i ty is shown in Fig. 7. The corner 

cube is mounted on the upper stage and the interferometer head is 
located 28 cm from the corner cube as shown in the picture of Fig. 5. 

PC980I HAS CONTSOLlEH(T-lmiK) USER INTERFEROMETER DOUBLE STAGE 

Fig. 7 Block diagram of the tes t facility. 

The vibration-proof table supports the whole components. The 
lower stage gives disturbing movements to the upper s tage with an 
arb i t ra ry wave form. The laser system measures the distance between the 
interferometer head and the corner cube with the sampling time of 1 
msec. The CPU of the control ler calculates the counteraction required 
to keep the corner cube stable, and then drives the piezo transducer of 
upper stage. Results of the tes t are shown in Table 5 and Fig.8 for sine 
wave vibrations with amplitude of 500 nm. One can see that the damping of 
20 db or more is obtained up to 20 Hz. For the vibration of less than 10 
Hz, we can keep the stage stable within 30 nm amplitude. 

To investigate the response to the random frequency vibration, 
white noises with different cutoff frequencies are added as 
disturbances. Typical wave forms are shown in Fig.9 and resul ts are in 
Table 6. 
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Table 5. Vibrations after the 
position control against the 
disturbance of 500 nm amplitude. 

Frequency Amplitude Damping 
(Hz) (nm) (dB) 

0.1 19 -28 
0.2 18 -29 
0.5 19 -28 
1 18 -29 
2 25 -26 
5 27 -25 
10 30 -24 
20 52 -20 
30 77 -16 
40 97 -14 

Fig. 8 Typical damping seen on 
the oscilloscope against the 
disturbances of 10 Hz sine wave 
with 500 nm amplitude. 

Table 6. Vibration damping against 
the white noise disturbances. 

Cutoff Noise Cont. Damp. 
Freq. Max.P-P Max.P-P (dB) 
(Hz) (nm) (nm) 

3 1380 50 -28.8 
10 1920 100 -25.6 
30 2220 300 -17.4 
50 1980 630 -10.0 

Fig. 9 Typical display of the 
damping response against the 
white noise with 10 Hz cutoff 
frequency. 
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Future plan 
While we t r y more precise investigations using the t e s t facility, the 

following items will be carried out. 
(a) The vibration arises not only from the ground motions but also from 
the attached device as the water cooling channel. In the f irs t stage we 
will measure the vibration due to the cooling water a t the linac magnet 
of photon factory at KEK. 
(b) There Is a project to construct a final focus tes t beam line (FFTB) at 
SLAC. Preliminary parameters of FFTB are as the following: 

Static alignment er ror A x < 100 # m A y < 30 urn 
J i t t e r e r ro r A x < 1/zm A y < 0.05 /im 
Beam size at focal point a J = 1 / I D a %= 0.06 jim. 

An actively controlled support s t ruc ture will be constructed for the 
final focus magnet of FFTB. 
(c) Long distance measurement will probably be required in the future. 
We will t r y the accurate measurement of long distance as 50-100 m using 
the laser interferometer. 
(d) By extending the tes t facility, multi-axis control system should be 
developed in combination with the three dimensional position 
measurement system. 

Summary 
The JLC needs the active alignment with accuracy of the order of 10 

nm at least, while the ground motion at 16 m deep underground is about 2 
li m displacement amplitude with the prominence frequency of 3 Hz. 

The conventional vibration-proof table is available for damping the 
high frequency components. At the frequency lower than 10 Hz, however, 
the table ra ther causes resonant vibration because of i t s low natural 
frequency. The actively control led vibration-proof table TACMI 
developed by Takenaka Co. has an excellent performance in the wide 
frequency range with the use of acceleration sensor. 

The accelerator tuning will require the position s tabi l i ty for a long 
time, where the position sensor seems to have an advantage over the 
acceleration one. We made the t e s t facility using the position sensor. 
The tes t resul ts have shown that the one dimensional position control 
system consisting of the laser interferometer and the piezo transducer 
is able to keep the distance s table around 30 cm with accuracy of be t te r 
than 50 nm up to 20 Hz of sine wave vibration of 500 nm amplitude. For 
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the random noise, the damped amplitude of 100 nm (p-p) has been obtained 
against the noise amplitude of 1920 nm (p-p) with the 10 Hz cut off 
frequency. 

For tes ts at longer distances of several m or more, the laser beam 
path should be evacuated to avoid the variation of refractive index 
owing to air turbulence. Now we are test ing in the vacuum. 

Next step will be the development of the active alignment system 
having multiple control axes. 

In the near future we will construct the actively controlled support 
s t ruc tu re for the FFTB at SLAC. 
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JLC control system 

Junji Urakawa 
KEK 

Abstract 

In order to design the control system for JLC, it is necessary to discuss the 
control system of the Accelerator Test Facility(ATF). The ATF control system must 
serve as a prototype for JLC. Moreover, the system must be prepared and some 
software tested before many devices are installed, and it should be possible to test 
devices under computer control as they are installed. It can be appreciated that 
early construction of the control system is necessary. In this paper we present the 
status of the control system of the 0.3GeV S-band linac, the specification and design 
of the timing system of ATF, the design of the computer control system for ATF 
and some comments for the JLC control system. 

1. INTRODUCTION 
The proposed KEK Accelarator Test Facility (ATF) comprises a 1.54GeV S-band 

linac, a 1.54GeV damping ring and a l.OGeV X-band linear accelerator[l,2]. The 
0.3GeV S-band(phase-I) linac is under construction at the TRISTAN Nikko exper
imental hall. Fig.l shows the phase I layout. A 240kV thermionic gun is utilized as 
an electron source. The linac comprises three subharmonic bunchers, prebunchers, 
a travelling wave buncher and accelerating structures. The rf power from a pair 
of SLAC-5045 klystrons is fed into one accelerating structure. The pulsed electron 
beam from the gun is compressed by three sub-harmonic bunchers to generate a 
single high current bunch. This bunch is utilized for wake field experiments and 
beam monitor research and development. The rf frequencies of the subharmonic 
bunchers are 119MHz, 238MHz and 476MHz respectively. Up to 1 x 10 1 1 electrons 
can be produced in a single bunch. 

Many devices for linear collider research and development require precise timing 
signals. In particular, since the timing stability required for the ATF electron source 
is determined by the ±0.6% energy acceptance of the electron damping ring, we 
must reduce the beam timing jitter less than ~5psec(r.m.s.). At present, since 
conventional electrical to optical(E/0) and optical to electrical(0/E) converters 
and muti-mode fiber are used, the beam timing system must be upgraded. 

2. THE COMPUTER CONTROL SYSTEM FOR ATF 
We decided to adopt serial CAMAC system as the interface standard for the 

control of ATF. The reasons are: 
(l)We can use many CAMAC modules developed for the TRISTAN control and 

the experience obtained in the TRISTAN control[3,4,5]. 
(2)Wide varieties of CAMAC modules are commercially available, reducing a 

risk to develop a fully new system. 
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Most of the CAMAC crates are installed in power supply rooms, and the dis
tance between these rooms and the computer is about 100m. The crates are on 
an enhanced byte serial CAMAC highway which uses optical fiber to achieve high 
performance and good noise immunity. The transmission rate on the optical fiber 
cables is 5Mbyte/sec. 

VAX FORTRAN(FORTRAN 77) is used for applications programming. FOR
TRAN 77 was chosen as the standard language because of its extensive support in 
the VAX, and because it is the most universally understood language. The functions 
necessary to the control center are operators console, alarm, logging, program library, 
data base, and program development. Man-machine interfaces are essential to the 
accelerator controls, since they are the means that facilitate the communication 
between operators and the accelerator. The basic philosophy of our man-machine 
interfaces is to have general purpose consoles. The improvement of the functions is 
achieved by increasing the number of the general purpose consoles and refining the 
control softwares. 

Fig.2 shows the overall configuration of the ATF phase-I control system. A 
VAXstation 3500 and a VAXstation II/GPX are 32-bit computers with 3-MIPS and 
1-MIPS computing power respectively. The VAXstation 3500 is equipped with a 
16Mbytes memory, a 280Mbytes disk drive, a 296Mbytes streamer tape, a 19" color 
display monitor with a keyboard and a mouse interface, a color serial printer, and 
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four CRT terminals(DEC VT200 and VT240) through 8 EIA serial interface. On 
the other hand, the VAXstation II/GPX is equipped with a 13Mbytes memory, a 
318Mbytes disk drive, a 95Mbytes streamer tape, a 19" color display monitor with 
a keyboard and a mouse interface, and one CRT terminal through 8 EIA serial 
interface. The VAXstation II/GPX is used for program development and test of 
CAMAC modules. The VAXstation 3500 controls all equipment of the ATF phase-
I and processes the operator's console function, the alarm function and logging 
function. Three CRT terminals are located near the controlled devices and connected 
to the VAXstation 3500 by modems, for tests and diagnosis. 

DEC NET(Ethernet) at NIKKO to KEK Network 
* • 

VAX Station 3500 

8 EIA Serial Interface 

Printer 

Video Terminal 

Color Display 

Modem Interface 

VAX Station II /GPX 

822 
BUS 8 EIA Serial Interface 

Printer 

Color Display 

ESHD n Video Terminal 

022 
BUS 

BSOL 

Video Terminal 

Video Terminal 

Video Terminal 

Optical Fiber Cable 
BSOL 

5ibyte/sec 

SCC 

Fiber 
5Hbyte/sec 

0UA 0UA SCC 

0UA = SCC QUA HE 
VAX 3S00 

16MB Memory 
280KB Disk 
296MB Tape 

0UA SCC QUA SCC 
VAX D/GPX 

13MB Memory 
318MB Disk 

CAMAC Serial Highway > ' 95MB Tape 
FIC 2 The computer control system for accelerator test 

facility. Abbreviations used are ESHD for enhanced 
serial highway driver. BSOL for CAMAC byte-serial 
optical link. OUA for optical U-port adapter, and SCC 
for type L-2 serial crate controller. 

From each computer, a CAMAC enhanced 5Mbyte/sec serial highway is ex-
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tended to the equipment. The number of CAMAC crates connected to the VAXs-
tation 3500 is 7, while that to the VAXstation I I /GPX is 1. In order to guarantee 
reliable data communication on the serial highway where the maximum distance 
between crates is 300m, we use byte-serial fiber optical U-port adapters with the 
bypass and loop-collapse functions where necessary. Two optical cables with two 
fibers connect the optical U-port adapters. 

We use two enhanced serial highway drivers(2160-ZlF) for Q-bus developed by 
Kinetic Systems Corporation. This driver operates the serial highway with data 
rates to 5Mbytes per second and provides an effective DMA data throughput of 
1.7Mbytes per second. Two 19" color monitors are used for the alarm and current 
status display using node-to-node comunications. 

3. The Status of the Control System 

The control system of the ATF phase-I was designed in March 1988 and we 
finished installing the computers and CAMAC system in September 1988. CAMAC 
and NIM crates are installed in device enclosures designed to standardize the connec
tions of the control system, to simplify wiring and to protect electronic equipment 
from dust[3]. We developed a new CAMAC module for the control of the klystron 
modulator and named it the status changing monitor CAMAC module(SCM). This 
module has 64 optically isolated digital input channels and 64x16 bits of memory. 
Changes of the input bit pattern are registered into the memory at a variable mon
itoring speed (more than 8/isec). CAMAC modules developed for the TRISTAN 
control are widely used[3,4,5], and about 100 were installed over three months. Op
eration programs were prepared in order to efficiently test the high power operation 
of the S-band klystrons (SLAC 5045) in October 1988. We have started automatic 
operation from the terminal in the control device enclosure room. Both test and 
operation program were prepared over several months before the equipment for the 
ATF phase-I was installed in August 1989. 

We were afraid of serious troubles with interface modules due to extremely severe 
noise from both the high power klystrons and the klystron modulator. There were 
three parts to our noise strategy: to improve the noise immunity of each unit, to 
prevent the noise from spreading and to reduce the amplitude of the noise. To gain 
a sufficient noise margin, careful design and attention were paid to grounding and 
shielding along with extensive use of ordinary TTL, low power Schottky TTL and 
NMOS LSI. Photo-couplers were also used to isolate the control system from noise 
cuurents. Decoupling capaciters were generously used. To prevent the noise from 
spreading, low pass noise filters(/ c = lOOfcjffz, 150kHz, 200kHz) were inserted in the 
interlock signal lines, analogue monitors and AC power lines of the power supply[6]. 

The interface modules for the ATF phase-I have been working well for about 
one year. The computer control system has been working continuously except for 
two days of computer system maintenance. 

4. THE TIMING SYSTEM FOR ATF 

The timing system provides timing signals for the pulsed operation of the gun, 
bunchers, klystron modulators and other equipment. Depending upon the operation 
mode, several parameters in the timing system must be controlled. For the timing 
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control of the ATF, we have adopted serial CAMAC as the interface standard and 
the synchronization network based on the MIL-1553-B standard. The reasons are: 

(1) We can use many timing CAMAC modules already developed for the TRIS
TAN timing system and can benefit from the experience obtained in the TRISTAN 
timing system[7,8]. 

(2) A serial bus using Manchester II code based on the MIL-1553-B standard 
has high reliability in severe noise enviroment[9]. 

The generation, transmission and receiving of timing signals is carried out by 
the CAMAC system using a serial bus and Manchester II code. This MIL-1553-B 
transmission line is planned for the future. 

A block diagram of the ATF timing system is shown in Fig.3. Three kinds of 
clock signals are generated from the 119MHz of the master oscillator by using a 4-
times multiplier circuit and two 1/10 frequency divider module. These clock signals 
are used as the external clock for timing delay CAMAC modules(TD-l, TD-2, TD-
3). The 476MHz and 47.6MHz clock lines are intended for a future upgrade of the 
ATF timing system. 

A line synchronization generator in the timing system of ATF is designed to 
provide triggers at a fixed phase of the 50Hz line frequency to reduce power line 
AC effects in accelerator operation. The timing accuracy of this generator is better 
than ~10nsec(r.m.s.). There are two lines used for carrying the timing information: 
a 119MHz drive line and the main trigger line which carries either the beam timing 
or the dummy timing. The 50Hz zero crossing signals are synchronized with the 
119MHz by a TD-2 CAMAC module[10]. 

In the synchronization with the 119MHz, the phase of the linac repetition fre
quency signal is shifted to coincide with that of the generated 119MHz. The accuracy 
of the coincidence is better than 6psec(r.m.s.). At first, the synchronizer(TD-2) gen
erates a pre-trigger pulse for the S-band linac, ths damping ring and the X-band 
linac. Then the main delay trigger module(TD-l) generates the source of the gun 
trigger pulse by delaying the pre-trigger. 

The frequency divider is composed of high speed integrated ECL circuits con
taining a 650MHz prescaler(FHC90) and counters(MC10136). It is possible for 
synchronization of the frequency divider to be started by an external push button 
generated signal. This module generates 11.9MHz and 47.6MHz clock pulses for the 
TD-1 and TD-3. A 4-channel 12V buffer fanout NIM module is used to distribute 
trigger pulses and to isolate the trigger generator from the high power pulse gen
erator. A 2-channel 11.9MHz TTL clock fanout NIM module having 20 outputs is 
used to distribute 11.9MHz external clock. 

To avoid the malfunction of counters due to extremely severe noise from both 
the high power klystrons and the klystron modulator, careful attention was paid 
to grounding and shielding. To prevent the noise from spreading, low pass noise 
filters(fc = 200kHz) were inserted in the AC power lines of the power supply. The 
timing modules for the ATF phase-I have been working well for about one year. 

5. Future Plans 
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Fig. 3 lain Tiling Systea of ATF Phase-1 

The ATF timing system is still in an early stage. An upgrade consisting of two 
main elements is planned. Firstly, the 50fl coaxial cables will be converted to special 
optical single mode fiber cables developed by SUMITOMO Electric Industries[ll]. 
This fiber has a thermal coefficient for delay of less than 0.4ppm/°C, nearly 20 times 
better than the best coaxial hardline cable and 10 times better than any previous 
optical fiber cable. The thermal coefiBcient for transmission delay is negligible around 
20°C. This optical fiber has the following characteristics: 

(1) Stable transmission delay time (less than 0.4ppm/°C), 
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(2) Wide bandwidth (higher edge is 1GHz or higher), 

(3) Low loss (0.33dB/km), 

(4) Immunity to electro-magnetic interference, 

(5) High resistance against radiation. 

In the collaboration with SUMITOMO Electric Industries[ll], we developed 
electrical to optical(E/0) and optical to electrical(0/E) converters, with jitter less 
than 2psec(r.m.s.) in the range of 10/°C to 35/°C and a maximum toggle frequency 
of 600MHz. Since the above 0 /E converters are expensive(about $6,000/converter), 
we use cheap E / 0 and 0 / E converters (about $150/converter), with jitter less than 
10psec(r.m.s.) and maximum toggle frequency of 125MHz, except for the gun trigger 
line. Fig.4 shows future clock lines for ATF. 

The second component of the upgrade plan is to install the MIL-1553B transmis
sion line as described above. This communication line is necessary for changing the 
operation mode and for monitoring synchronized with the beam pulse on a pulse-to 
pulse basis. Fig.5 shows the conceptual design for the MIL-1553B communication 
system. 
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The Japan Linear Collider(JLC) control system must meet the following re-
quirments: 

(1) High reliability: Since we use many modulators and klystrons (~10000), 
high reliability is most important. 

(2) High performance: We must reduce the amount of control equipment. 

(3) High flexibility: The system must be easy to expand and to improve. 
(4) High maintainability 
(5) High degree of standardization 
(6) Easy operation 
Fig. 6 shows a tentative design for the ATF control system based upon the 

requirements listed above as well as the need for uninterrupted operation of ATF 
phase-1. Requirements (1), (2) and (3) above led to the choice of VME based mod
ulator controller systems. Fig. 7 shows the tentative configuration of these VME 
system. 

6. Conclusion 
The timing system of the ATF phase-I generates precise timing signals for use 

in high power and beam studies. It has demonstrated flexibility, extensibility and 
is easy to control; and it has been working well for about one year. Nonetheless, 
to complete the necessary research and development the system must be upgraded 
as soon as possible. In particular the use of special optical fiber for RF reference 
distribution over many kilometers will greatly improve the phase stability for the 
future linear collider. 

In spite of an extremely noise environment, the control system of the ATF 
phase-I has been working well for about one year. But since many more modulators 
and klystrons(~ 104) are required for JLC, dedicated modulator controller systems 
(VME- computer based system) designed for noise immunity will be required. The 
VME-computer based system will be made and tested for achieving high reliability 
in the design of the JLC system by September 1990. 
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PREFACE TO PHYSICS SESSION 

Seigi Iwata 

National Laboratory for High Energy Physics, 

Tsukuba, 305, Japan 

The great Standard Model is really tough to beat, but even it is called a 

unsatisfactory, incomplete theory. Clever theorists can go beyond it on paper 

and keep on telling us of exciting physics possibilities at energies well above Z°. 

No question about it and here we are to further discuss experimental as well 

as theoretical views on how to explore the treasure island by means of a next-

generation electron-positron collider. On the contrary to the past workshops, 

the sole purpose of this workshop is to promote the JLC project, our central 

research project in Japan. 

Yesterday, we have heard about R/D status and technical prospects of JLC. 

Actual construction of a prototype linac, the Accelerator Test Facility, has con-

siderablly prompted serious works and many accelerator physicists are now ac

tively participating in the project. Collaboration of experimentalists with them 

has also started. Reflecting these efforts, the project begins to give us an im

pression of reality. The tiny beam size required for high luminosity does frighten 

us, but we find needs for similar NANO-TECHNOLOGY in many industrial 

areas too. HIGH-TECH is making progress at a higher pace and in wider fields 

than we used to know. The technological situation is really encouraging. 

It is time to refresh our physics program which was discussed a few years 

ago. We need to revise it from time to time based on the latest knowledge on 

particle physics. Electron-positron collisions are clean and easy to evaluate. But 

this is true only at tree levels. Higher-order effects can not be neglected and 

should be incorporated as an important part of physics. Detectors are another 

area of our own and we need a R/D program for them. A part of it could be 
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combined with an effort on our B-meson physics project. We want to intensify 
the collaboration with accelerator people in order to accelerate the accelerator 
R/D. Also, we have learnt through TRISTAN project how important it is at a 
collider to work closely with accelerator physicists. It will be more so at JLC. 
Let's get to work. 
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Towards TeV Physics 

Ken-ichi Hikasa 

National Laboratory for High Energy Physics (KEK) 
Oho, Tsukuba-shi, Ibaraki 305, Japan 

Abstract 

Theoretical overview of physics at TeV scale, with an emphasis on physics at e+e~ colliders, 
is attempted. After the discussion of the implications of new results from SLC/LEP, the 
allowed mass range of the top quark is determined using various direct and indirect exper
iments, and the reach of present and future accelerators is examined. Present limits on the 
Higgs boson and methods of detection at future experiments are summarized. Axigluons 
in chiral color models are discussed as an example of new physics possibilities. 

1. Introduction 

The biggest problem facing high energy physics is that there is no real problem. The 
standard model explains experimental facts too well. Occasionally, perhaps once or twice a 
year, we hear about new sensational "discoveries" which would throw the standard model 
away, but tens of such recent cases have proved that it is a wise decision to wait for a while. 

This fact of no immediate problem has led many theorists in recent years to work in 
fields which can be almost described as applied mathematics, or formal subjects such as 
string theory in 26 or 10 (or even less than one!) dimensions or conformal field theory in 2 
dimensions. Only people who believe that particle physics is an empirical science or who 
are too old to learn new abstract mathematics are still working on particle physics! 

Here is a copy of the first page of the transparencies from the talk by M. Kobayashi 
made at the B factory workshop held here earlier this month (see Fig. 1). It lists current 
"mysteries" in high energy physics which have not been answered by the standard model. 
One can see that most of them are rather theoretical or philosophical in nature. These are 
of course important questions which have been in the air for quite a long time, but we are 
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still far from solving them. Human thinking alone is perhaps not powerful enough to make 
a breakthrough. 

If we go through the history of physics, we notice that Einstein was the only physicist 
since Copernicus who discovered a new physics law without any clue from experiments or 
observations, i.e., by purely theoretical motivations. Even people like Newton, Maxwell, 
Bohr, Heisenberg, Schrodinger, ..., made discoveries in trying to explain or systematize 
observed phenomena. 

Therefore, what we theorists badly need (except for a genius like Einstein) is new 
challenges, problems and hints from experiments. This necessitates the exploration of 
frontiers—regions so far unreached of. The most obvious way to look for new phenomena 
is to go up in energy. Before discussing the future of high energy physics, let me briefly 

B*y+4 S. H. 

• eny.** «f ff 

• tlv - 3 ? 

Hips " (*f) * 

Fig. 1. Current problems listed by M. Kobayashi. 
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remind you of the past and present understanding of particle interactions. 

Since 1950's, four fundamental interactions are known to govern the physical world: 
They are, of course, strong, electromagnetic, weak, and gravitational interactions. I here
after ignore gravity, since it is extremely weak in particle interactions until we go up to the 
energy of 10 1 9 GeV, which is certainly not within our reach at least for the next several 
decades, if not centuries! So, I will concentrate on the other three interactions. Already 
in the 1950's and 60's, we possessed a wonderful theory for the electromagnetic interac
tion, namely QED. However, no satisfactory theories for the strong and weak interactions 
were known. The strong interactions were just a mess, and the Fermi theory for the weak 
interactions was only meaningful at the lowest order in perturbation theory: It predicted 
nonsense when one calculated higher order corrections. 

From later 1970's on, we came to realize that those three interactions can be under
stood in a unified framework as gauge interactions based on local gauge invariance, although 
the realization of the gauge symmetry is different for each interaction: explicit symmetry for 
the electromagnetic, spontaneously broken symmetry for the weak, and confinement for the 
strong interactions. This theory is now called the standard model. The three interactions 
have thus been unified—or at least grouped—as one category of interactions. Unfortu
nately, we are still obliged to say there exist four interactions, or six or more if you prefer. 
The reason is that the standard model introduces two new unknown interactions—Yukawa 
interactions and Higgs (<£>*) interactions—to explain the breakdown of the SU(2)xU(l) 
symmetry and the masses of quarks and leptons. These new interactions are indispensable 
ingredients of the standard model but are yet to be discovered experimentally. 

In the TeV energy region, one starts to see the SU(2)xU(l) gauge symmetry as a 
visible symmetry. The SU(2)xU(l) breaking scale is given by the vacuum expectation value 
of the Higgs field, which is nothing but the scale determined by the Fermi constant, 250 
GeV. Above this energy scale, the SU(2)xU(l) breaking becomes a "small" quantity and 
the symmetry is restored approximately. In other words, the masses of W, Z, quarks and 
leptons, which breaks SU(2)xU(l) symmetry, can be neglected at TeV energies. 

In my opinion, the most important target of TeV physics is to explore the origin of 
the Fermi scale, i.e., to reveal the mechanism of the SU(2)xU(l) breaking. All existing 
particles we know would be massless if SU(2)xU(l) were unbroken. Li other words, the 
masses of these elementary particles are secondary and solely come from the property of 
the vacuum in which we live. AH masses are thus related to the Fermi scale. In fact, the 
Higgs mass term is the unique dimensionful parameter in the minimal standard model (see 
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Table I), at least at the classical level.' Therefore, the Fermi scale is closely connected to 
the questions such as the origin of mass, flavor mixing, and so on. 

From this point of view, an e + e _ collider'-' is an ideal facility. The reason is simple: 
You cannot miss any particle related to SU(2)xU(l) breaking, since any particle with 
nontrivial SU(2)xU(l) quantum numbers can be produced via 7 or Z° with a similar cross 
section. On the contrary, you might overlook almost everything at proton colliders such 
as LHC or SSC. For instance a Higgs boson decaying into a 66 pair is virtually impossible 
to observe, and even the detectability of the "gold-plated" H —* ZZ —» ££££ has not been 

f2l 
firmly established. J 

2. Aim of TeV physics: Standard model and beyond 

Here is the list of the targets of high energy physics at TeV energy region, which I 
think most important. 

(1) To search for particles predicted by the standard model but yet to be found: the 
top quark and the Higgs boson. These will be discussed in detail later in this talk. 

(2) To measure the 18 parameters * of the standard model as accurate as possible. 
These parameters are listed in Table I. The accuracy of our knowledge of these parameters 
are not uniform at all. Some of them, notably fine structure constant a and Fermi constant 
(muon decay constant) Gp, as well as the lepton masses, are known to many digits. The 
QCD parameter A is measured only within a factor of two 01 so. The quark masses (except 
m{) a r e known in principle but are difficult to fix because of theoretical ambiguities, in spite 
of the fact that some of the hadron masses are precisely measured. Of course, one has to 
define the quark masses to start with, since quarks can never be observed by themselves. 

The Kobayashi-Maskawa matrix elements still need clarification. If one adopts the so-called 

t If one goes to the quantum level, any dimensionless coupling is effectively converted to a dimen-
sionful parameter because of renormalization effects (this phenomenon is called dimensional 
transmutation). The only such mass scale important at low energies (other than the Fermi 
scale) is the QCD scale parameter A, which determines the hadronic mass scale. 

% Here I neglect the 8 parameter in QCD which can violate CP (or rather I set 0 = 0 to conform 
with observation). Some people claim that there are only 17 parameters, on the basis that the 
unit of mass is a mere convention: We may define mw — 1 for example. However, the unit of 
mass still remains to be measured, just as ft and c. In other words, mw has to be measured 
relative to the Planck mass! 
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Table I. Standard model parameters at the fundamental and phenomenological levels. 
The underlined parameters are poorly known. 

Lagrangian 
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Observational 
level 

Gauge 
sector 

9a 
9A 

AQCD 
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\ sinrOw or mz 
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sector A/rJ 
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, (3 physical 
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-A 1 A 2 

^ A 3 ( l - p - i n ) -AX2 

AX3(p-iV) 

AX2 

1 

+ C>(A4), (1) 

which already includes a lot of experimental information, the parameter A = sin 9c (~ 0.22) 
is known to ~ 1% from semileptonic kaon and hyperon decays, and A (~ 1) is known 
to ~ 10% from the B lifetime and semileptonic branching ratios. The remaining two 
parameters are poorly known, but new experimental results which shed light on these are 
appearing. They are the confirmation^ of sizable B-B mixing,L J the first observation1 of 

rgl 

semileptonic b -* u transition, and (conflicting) results1 J on CP violation in the K -» 2r 
amplitude. The three quantities derived from these, Amg/Tg, {V^/V^, and ^ / e , together 
with the old results on e constrain the two parameters p and n, as well as the top quark 
mass 77Z;. 

The weak mixing angle 8\y has been known to about 10% from various neutral current 
experiments and wity, mz measurements at pp colliders. The situation has changed dras-
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measurements of mz- In the 1990's, rug instead of sm28w should have to be used as one 
of the fundamental electroweak parameters. 

(3) To test the electroweak Yang-Mills coupling such as W+W~f, W+W~Z, etc. 
This will be effectively done first at the second phase of LEP using the reaction e+e~ -» 
W+W~. An anomalous WWf/WWZ coupling of about 10% deviation from the standard 
model prediction may be found at LEP ID ' An e + e _ collider with a larger energy should 
be able to extend the reach of the test to smaller deviations from the gauge theory values. 

(4) To search for the existence of non-gauge interactions present in the standard 
model—Yukawa and Higgs interactions discussed earlier. A good place to search for the 
Yukawa interactions is the toponium system provided that the Higgs boson is not too heavy. 
The rate for the Wilczek decay'-' tpt ~* By could provide a direct measure of the Yukawa 
coupling, and the exchange of alight Higgs between t and Fcan produce'-' some noticeable 
effects in the toponium spectroscopy. However, the recent lower limit on the top quark 
mass renders this possibility quite unlikely.' ' 

The effect of the Higgs interactions may be studied in weak boson scattering. In particular, 
the process ZZ —> ZZ proceeds only via the Higgs exchange at the tree level. The study 
of weak boson processes is one of the important targets at a TeV e+e~ collider. 

The above-mentioned fact that the Higgs mass term is the unique source of masses in the 
minimal standard model leads to a "second universality" of the electroweak interactions, 
namely the prediction that a mass of a particle is proportional to its coupling to the Higgs 
boson, the constant of proportionality being the Higgs vacuum expectation value v. (The 
"first" universality refers to the universality of gauge interactions.) If confirmed, this would 
give a convincing evidence for the minimal (one-doublet) Higgs sector of the standard model. 

(5) To search for new particles and/or interactions beyond the standard model. This 
will be briefly discussed towards the end of the talk. 

3. Implications of new SLC/LEP results 

This year we are witnessing another big jump in high energy physics: Direct produc
tion of a large number of Z° has been enabled by the start of SLC/LEP.' ' The brand-new 
results from these e+e~ colliders already have a great impact on particle physics. Here is 
an (updated) SLC/LEP results on the Z° parameters as well as new values for m,\v from 
UA2/CDF (see Tables II and III). Before discussing the implications, let me review some 
basic facts about the coupling of Z". 
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Table II. Z° parameters from SLC/LEP. 

mz (GeV) TZ (GeV) Nw References 

Mark II 91.14 ±0.12 l A l -0.35 2.8 ±0.6 12 

ALEPH 91.182 ±0.026 ±0.030 2.541 ± 0.056 3.01 ± 0.16 13 
DELPHI 91.17 ±0.03 ±0.030 2.511 ± 0.055 2.40 ±0.64* 14,15* 
L3 91.160 ± 0.024 ± 0.030 2.539 ± 0.054 3.29 ± 0.17 16 
OPAL 91.141 ±0.022 ±0.030 2.534 ± 0.045 3.09 ±0.19 17 

Average 91.160 ± 0.032 2.531 ± 0.026 3.10 ±0.10 

Table III. Electroweak parameters from UA2/CDF.'- ' The value of mz from 
LEP is used to fix the energy scale, sin 0\y = 1 — m^/rn^. 

m\p (GeV) sin20nr 

UA2 80.43 ±0.50 0.220 ±0.010 
CDF 80.0 ±0 .5 0.230 ±0.009 

Average 80.22 ±0.35 0.225 ±0.007 

Coupling of Za to matter 

The coupling of any fennion to Z° is determined uniquely by its SU(2)xTJ(l) quantum 
numbers. The interaction is given by 

C = - . - C - hp&f - «/75)/ Z* , (2) 
sin 6\/\r cos Oyp 

where 

vf = h (J3£ + J3R) ~ ef s i n 2 % > (3a) 
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°f = UhL-hR), (3b) 

I3I and I3R are the third component of the weak isospin of the left- and right-handed com
ponents, respectively, and ej is the fermion charge. (We assume that the electromagnetic 
U(l) is unbroken, so the charge of left- and right-handed components ought to be the same!) 
For quarks and leptons, we have I31 = ± 5 , l^g. = 0. If the fermion mass eigenstate is a 
mixture of several weak eigenstates, I31 and I$R in Eq. (3) should be replaced by weighted 
averages. In this case off-diagonal couplings may also exist (GIM cancellation does not 
operate). An important point is that the couplings are almost quantized. Any particle 
with a nontrivial SU(2)xU(l) quantum number has a similar coupling strength (accidental 
cancellation is very unlikely), and the Z branching ratio to such a fermion pair should be 
at least a few % if phase space suppression is not too severe. 

If a fermion does not have a direct coupling to Z° (photino in supersymmetric models 
is an example), it can still couple to Z° via loops. In this case the branching ratio can be 
very small, since the rate is higher order in a. 

Number of light neutrinos 

The most remarkable result from SLC/LEP this year (possibly the most important 
of entire LEP results!) is the precise determination of the number of light neutrinos: The 
average in Table II is Nv = 3.1 ± 0.1. Here a "light" neutrino means a neutrino with a 
mass much smaller than mz/2. If a fourth neutrino has a mass, it effectively contributes a 
fraction to "#„" 

ANV = I 4 (4) 

I P 3 Majorana 

where fi = (1 - 4 m ^ / m | ) 1 / 2 is the velocity of the neutrino in the Z° rest frame. The new 
result is in reasonable agreement with three species of neutrinos and makes the existence of 
a fourth generation quite unlikely. In particular, in the minimal standard model, neutrinos 
are exactly massless and a fourth generation is ruled out. 

The measured N„ constrain any possible Z decay into an "invisible" mode. Super-
symmetry offers some such modes. For example, a light sneutrino contributes one half to 
Nv for each generation, which is now ruled out. A more elaborate analysis is needed to 
derive possible bounds *• for neutralinos. 

A Majoron model with a Higgs triplet (Gelmini-Roncadelli model) 1 ' adds two 
units ̂  to Nv because of the process Z -* x°M°, where M° is the Majoron (massless) and 
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X° is the accompanying Higgs scalar. The x° receives its mass only from the Higgs triplet 
v.e.v., which is constrainted to be much smaller than m^. This model is clearly excluded 
by the measurement of Nv. 

Although the present data is consistent with the standard model expectation, a tiny 
deviation, however small, would definitely signal a new physics, a possibility still left open. 

Is fourth generation dead? 

Unfortunately or fortunately, a fourth generation is not totally excluded. Suppose 
that a "right-handed" neutrino VR exists for each generation and it is a Majorana fermion 
with mass M (for simplicity I assume that the mass is common to all generations), VR 
has no gauge interactions but couples with vi via a Yukawa coupling. Then the "see-saw" 
mechanisnv ' works and the left-handed neutrino becomes massive: 

"•*~jf - (5) 

Here I have assumed, for simplicity, the neutrino Yukawa coupling is equal to that for the 
corresponding charged lepton and M » m.f. Now, if we take M = 200 GeV, we find for the 
first three neutrino masses 

Prediction Best limit CL% Reference 

Ve leV < 13.4 eV 95 23 

"M 60keV < 250 keV 90 24 
"r 15MeV < 35MeV 95 25 

where we have also shown the present experimental limits. We see that the predictions 
are well within the bounds. If a fourth generation charged lepton with a mass of 100 GeV 
exists, the corresponding neutrino mass is about 50 GeV, just beyond LEP's reach. This 
example shows that the existence of a fourth generation is still a viable possibility. 
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Precise determination of mz 

The electroweak gauge interaction is basically determined by three parameters, the 
two gauge couplings g, g' and the Higgs v.e.v. v (see Table I). Two quantities, a and Gjr, are 
very precisely known, leaving one degree of freedom. As the third parameter, sin20nr has 
been traditionally adopted, which can be directly measured in neutral current processes. 
In fact, Z couples to the current 

J<* ) = J » - r i n a % J < ' m > 1 (6) 

where Jjj is the third component of the weak isospin current and Jp' is the electromagnetic 
current. The situation has been changed by the advent of a precise determination of mz 
from SLC/LEP. From now on mz should be taken as the third parameter of the electroweak 
sector. 

The knowledge of the three parameters is enough to fix the electroweak gauge inter
actions within a quite good accuracy. However, the electroweak gauge sector communicates 
with the other sectors (Yukawa, Higgs) of the standard model via loop effects or radiative 
corrections. One might naively assume that such radiative correction effects axe of the order 
of a/ir ~ 3J5 and can be ignored for the present precision. This is not true. There are two 
separate origins of a "large" radiative corrections, which may amount to nearly 10%. Before 
explaining these two effects, let me review how radiative corrections are usually included 
in the standard electroweak paramaters. 

At the lowest order, the W and Z masses are determined in terms of a, Gp, and 0\y 
as 

" * - ^ k - <7b) 

In this expression, tan Byy — fl'/fl ' s the ratio of the two gauge couplings. 

When one includes higher-order effects, the above two relations receive corrections at 
0 ( a ) in general. At this stage, it is important to realize that the definition of 0w becomes 
ambiguous because of renormalization: It becomes scheme dependent. It is convenient 
to define dyy in terms of physical quantities to remove the ambiguity. A commonly used 
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presciption1 ' is that the second relation is preserved even after loop effects are included: 

cos20nr 

Then the first relation receives corrections: 

•4-:3b- <*0 

2 fftt 1 1 . . . 
m w = ^WF^^T^K-r- ( 7 b ) 

Here Ar is a quantity of order a. 

As mentioned above, there are two large terms in Ar 

,2 
Ar = — jEtfc/eJlog^f - — ^ - ^ - + 0(1)1 . (8) 

* f ' J my l G s i n * ^ mz > 

The first term is a sum over fermions lighter than Z. This logarithmic term comes from 
the effect of "running" a: The fine structure constant measured at g 2 ~ mz (relevant to 
W/Z masses) is different from that at g 2 = 0 (relevant to Thomson scattering, in terms of 
which a is defined usually). This term contributes about +7% to Ar, a substantial effect. 

The second term is the effect of "radiative" p—X ' and becomes important if the top 
quark is heavy. This is essentially because the top quark Yukawa coupling is proportional 
to its mass. This term is negative and almost cancels the first term for m t ~ 250 GeV. 

The effect of Higgs boson is known to have only a mild mg dependence, which is 
logarithmic compared to the power behavior of the mt dependence. Changing mg from 10 
to 1000 GeV has a small effect on Ar of about +1%. The prediction is thus quite stable 
against the unknown Higgs mass. This in turn implies that it is rather difficult to obtain 
information on the Higgs sector from the measurement of electroweak parameters. 

The above discussion shows that m\y or sin2#nr (defined as above) has a nonnegligible 
mt dependence and cannot be uniquely predicted even after m% is fixed. Thus a precise 
measurement of m\\r or mw/mz constrains possible values of mj. The prediction for myy 
and sin 2%r in terms of mz and mt is shown in Figs. 2 and 3. ' Similarly, the cross 
section for neutral current processes receives m^-dependent radiative corrections and the 
low-energy neutral current data can be also used to constrain mt. 

Comparison of the low-energy charged and neutral current cross sections alone gives 
an upper bound on mt of about 250 GeV (the so-called p — 1 constraint).^ ' ' Using 
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the recently determined value for mz along with the vN deep-inelastic data,^ a tighter 
constraint mt £ 200 GeV is obtained; see Fig. 4." Even without the low-energy data, 
comparison of mz with m\p/mz from pp colliders (see Table HI) gives a (somewhat weaker) 
bound of mt & 200 GeV at Iff level, as can be seen from Fig. 5. Below-.Z e + e - data from 
TRISTAN, PETRA, PEP ( / i + / i" , T+T~, and hadrons) give constraints^ 2 1 shown in Fig. 6, 
which agrees well with other data. 

Finally, first results on (i^,e —• (P^e cross sections have been reported from CHARM-

250 

90 92 
m z [GeV] 

Fig. 4. Allowed region in mz-mt plane from neutrino-nucleon scattering 
data (74.1%CL, from Ref. 30). The value of mz from LEP and the 
lower limit for mj from CDF is also shown, mjj = 100 GeV assumed. 

§ CHARM Collaboration1311 gives sin20,y = 0.236±0.012(m<:-1.5GeV)±0.005(exp)±0.003(tli) 
for m, = 45 GeV, mH = 100 GeV; CDHSW Collaboration'291 quotes s i n 2 ^ - 0.228 ± 
0.013(mc - 1.5GeV) ± 0.005(exp) ± 0.003(th) for m, = 60GeV, mH = lOOGeV and also 
m ( < 240 GeV (90%CL). The value of sin20iy is rather insensitive to mt. 

T331 

f Recent, analyses using the pre-LEP data of summer 1989 have already appeared. Langacker1 

concludes m< < 210 GeV at 90%CL and Ellis and Fogli l34] claim m, = 132+l£ GeV. The 
quoted error of the latter is too optimistic, since they use a fixed value m c = 1.45 GeV and do 
not fully take into account the theoretical uncertainty. 
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Table III). The value of mz from LEP and the lower limit for mt 
from CDF is also shown, mjj = 100 GeV assumed. 

> 
a> 
O 

SOU 
• ' / " ' 

/ • 
i • •-

200 ,V r / / — 

\ 
/ / 

/ 
/ 

/ 

-

150 

100 

• | 

\ / 

/ / 
/ 

/ 
/ ,

!
.

,
.

.
! 

. 1 V^/ / . 

50 - i 
i 

n i _ i . . . . i . . . i . . . . 1 , ,-
88 90 92 

m z [GeV] 
94 

Fig. 6. Allowed region in mz-mt plane from c + e - data below Z (from 
Ref. 32). The value of mz from LEP and the lower limit for mt 
from CDF is also shown, mg = 100 GeV assumed. 

— 146 — 



II Collaboration.'- ' The extracted value of sva?0y\r is larger than those of previous 
experiments'' ' and is consistent with the SLC/LEP value of m^. 

To summarize, the electroweak gauge sector gives an indirect but quite robust upper 
limit mt & 200 GeV. Taking into account the uncertainty from mjj and in view of some 
theoretical ambiguities in the deep-inelastic vN analysis, mt & 250 GeV seems to be a safe 
bet. 

Z° total width 

The Z° resonance shape gives the total width of the Z°. Is the average T% = 2.53 ± 
0.03 GeV agree with the expectation? The lowest-order standard model prediction for the 
partial rates are 

r(Z-^) = lvi' (9a) 

m - t£) = ^ ( 1 - 4<& + 8-fr) , (9b) 

T(Z - ««) = g ^ ( 3 - 8 ^ + f 4 0 ( 1 + A ) , (9c) 

T(Z - dd) = ^ ( 3 - Aslr + § ^ ) ( 1 + A ) . (9d) 

Here we have neglected the fermion masses, s\y — sin 6w, and A is the QCD correc
tion factor' 

A = ^ + 0 ( « 2 ) . (10) 
it 

The use of Gp instead of a/ sin20jy cos2flpp- much reduces the size of the 0 ( a ) corrections, 
since the effect of running a is incorporated. The Z° total width assuming three generations 

* They quote sin20w = 0.233 ± 0.012 ± 0.008 with no radiative corrections and sin20iv = 
0.232±0.012±0.008 with radiative corrections with m, = mB = 100GeV. The m, dependence 
of sm26w in this reaction follows closely that of m^. 

f37l 
t The 0(<*J) and a part of 0(aj) corrections have been calculated, but they cannot be written 

in the factorized form as in Eq. (9c). The 0(aj) axial part depends on mt and the size of the 
total 0(af) corrections is less than 1%, although the sign changes from positive to negative 
when m, increases. 
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of leptons and live flavors of quarks is predicted to be 

Taking mz = 91.16 GeV, a , = 0.12 (corresponding to A ^ = 5 ) = 250 MeV), Eq. (11) gives 
Tz = 2.487 GeV for s i n 2 % = 0.23. 

Now, how large is the electroweak radiative corrections? This question is related to 
another question that what "sin2#w" one should use in Eq. (11) to keep the corrections 
small. A desirable formula for Tz should include at least the two large corrections discussed 
after Eq. (8) and still remain simple. It is known that the sm29\y defined by the mass ratio 
(7a') does not qualify, since it deviates from the coupling ratio for large mt. An example 
of good parametrization is s i n 2 ^ ( m | ) defined by MS prescription. This quantity may be 

[381 

determined1 by either mjj or m\y, and its dependence on unknown parameters mt and 
win i 8 much smaller than that of sm 2#w defined by the mass ratio. Using the formulas 
given by SirlinL J and the updated mass values in Tables II and III, we find 

s i n 2 % = 0.2322 ± 0.0002 ± 0.0027 (12a) 

from mz, and 

s i n 2 % = 0.2321 ± 0.0020 ± 0.0018 (12b) 

from mjy. Here the first errors come from the experimental error on mz or m\y, and the 
second shows the range obtained by changing mt and mg within the region 78 < mt < 
200 GeV, 10 < mB < 1000 GeV (90 < mt < 200 GeV for mz). 

Another improvement can be made by noting that the neutral current coupling de
viates from the charged current coupling Gp if mt is large. This can be taken into account 
by replacing Gp by pGp in Eq. (11), with 

Using s w = 0.2322 in Eq. (11) and multiplying it by p, we obtain Tz = 2.486 GeV for 
mt = 80 GeV, Tz = 2.513 GeV for mt = 200 GeV. These numbers agree well with the 
results of full 0(a) calculations. (There is an additional effect for Z -* 66 coming from the 
vertex loop with top quark, which reduces the width by up to 10 MeV for large mj.) 
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The measured width is in a reasonable agreement with the prediction, but is at a wider 
side. If this somewhat larger value is real, either the top quark is very heavy (~ 250 GeV) 
or there is a new physics. Anyway, a top with mt < mz/2 is ruled out, which would give 
an additional 300 MeV (for no phase space suppression) to the width. (For the direct limit 
on mt from LEP, see below.) 

4 . Top 

Proper t ies of a heavy top 

Since it has become quite likely that the top is heavier than W, the expected prop
erties of the top deviate from naive extrapolation from lighter quaTks, charm and bottom. 

First of all, top can decay by emitting a real W if mt £ mj/p + mj. The total decay 
rate thus has a step-like increase at mt ~ 85 GeV. Above this threshold, the rate increase 
as m\ (in contrast with m\ below the threshold) ̂  ' 

(mf, has been neglected). This is because a heavy top quark strongly couples to longitudinal 
W. The partial decay rate for t —» bev (via either virtual or real W) is shown in Fig. 7. The 
total rate is about nine times the partial rate and increases from 0.1 GeV at mt = 100 GeV 
to 5 GeV at mt = 250 GeV. 

This substantial increase of Tt has an important effect on the toponium system.^ ' ' 
For a heavy quark with mt £ 100 GeV, the ground (it) state is nearly Coulomb-like and 
the binding energy is 

AJS ~ -§almt (15) 

(as being evaluated at ft ~ a3mt), which is about 2-3 GeV for the mass range under 
consideration. If the top quark mass is at the heavier side of the allowed range, the decay 
lifetime becomes shorter than the characteristic time of the bound state, which means that 
a toponium state is never formed. 

Let me summarize various existing constraints on the top quark mass. 
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Direct limits from e + e and pp 

[« ] : ,[42] Limits on top production at pp interactions have been reported from UA1 ,L J UA2,1 

and C D F ' 4 3 , 4 4 ' Collaborations. The best limit comes from CDF, which looked for events 
with electron + missing Er + > 2 jets, giving' ' mt > 77 GeV (9596CL). Another channel 
e + /i gives' 4 4 ' mt > 72 GeV (95%CL). The reliability of these limits have improved thanks 
to the higher-order QCD calculations' ' of the heavy quark production processes, which 
gave confidence on the control of the theoretical prediction. These pp collider limits assume 
conventional charged current decay of top, t -* b + W*, which gives a primary lepton 10% 
of the time for each flavor. If more exotic decays such as t -* b+ H+, c+H° are dominant, 
these limits do not apply. 

Electron-positron colliders can give limits even for these unconventional decays. The 
best limit comes from LEP: m, > 45.8 GeV for t -> bW*li6] 45.2 GeV for t - bH+, 

H+ cs 
[47] 

J I I I I I I • • ' I I I !_ 

100 150 
nit (GeV) 

250 

Fig. 7. Partial width for t -» bev, including both virtual and real W inter
mediate state. The effect of finite W width is included. The solid 
curve incorporates finite mj and the dashed curve is for mj = 0. 
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Indirect limits from electroweak parameters 

We have found an upper bound mt & 200-250 GeV as discussed in detail in the 
previous section. 

W/Z ratio at pp 

The W/Z ratio measured at proton-antiproton colliders has been used for neutrino 
counting.'- ' Since pp experiments see leptonic decay modes only, what they measure is 

ajpp^WX^euX) aj&^WX) B ( W - » « Q 
~ tr{pp -+ZX-> e+e-X) a(pp -* ZX) B(Z — e+e~) ' ( J 

In the right-hand side, the ratio of the production cross sections erwZ&Z may be calculated 
quite reliably in QCD parton model. Taking a ratio reduces the uncertainties coming from 
both higher-order QCD corrections and quark distribution functions in a proton. At the 
same time, the systematic error from the luminosity measurement cancels in the left-hand 
side. Noting that 

BjW^ev) T(W-+ev) r t o t ( Z ) 
B(Z - e+e~) T(Z -» e+e~) ' Ttot(W) ' ( ' 

and using the standard leptonic partial widths, we can convert the experimental ratio R = 
aW->evlaZ-*ee t o t ^ e r a t i ° r t 0 t ( Z ) / r t 0 t ( W ) . Since an extra neutrino increases Tt0t(Z), 
one can derive a bound for the number of neutrinos Nv, assuming that there are no extra 
decay modes for W. 

It has been noted that this ratio R is also sensitive to the top quark mass.1 ' ' ' The 
partial rates T(W -* tb) and T(Z —* tt) decrease from the maximum values at mt < m\y 
to zero at mt = m ^ / 2 for Z, at mj = mw — mj for W. The ratio R thus changes as mj 
varies. It is approximately constant for mt & 40 GeV, increases between 40 GeV and mvp, 
and stays constant for mt > m\\r. 

Old measurements by U A l ^ and U A 2 ^ from the data taken in 1982-85 showed 
that R is at the smaller side of the expectation, indicating that the top quark is rather light 
(mt < m\y). ' Recently, new data with much larger luminosity have been presented by 
UA2' ' and CDF.t ' The new values of R are larger than the previous ones and is now 
fully compatible with a heavy top (mt > mw)-
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Indirect limits from flavor mixing and CP violation 

In the standard model, flavor-changing neutral current interactions and kaon CP 
violation are loop effects. The contributing diagrams include the top quark in the loop and 
therefore these processes are sensitive to the top quark mass. However, they also depend 
on poorly determined Kobayashi-Maskawa matrix elements, especially p and TJ in Eq. (1). 
Experimental information is available for B-B mixing^ ' ' and the parameters e and e of 
CP violation in the K°-R° system.''' Additional piece of information comes from the rate 
for 6 -* u decay,'' which constrains the Kobayashi-Maskawa matrix elements. These data 
can be used together to constrain the parameters mt, p, and T/. 

The dependence of these quantities on the parameters can be very roughly written 
as follows: 

^ 2 £ ~ ™?r*y8 ~ m? [(i - Pf + „2] ( i 8 a ) 

e ~ mf S h i ^ V i , ) 2 ~ m 2 ( l - p)V (18c) 

J/e ~ ^n{V^Vu) [1 - 0 ( m 2 ) ] ~ r)[l - 0 (m 2 ) ] (18d) 

The second term in Eq. (18d) is the contribution of "electroweak" penguin diagrams, which 
was recently realized'- ' to play an important role for large TBJ, competing with the con
ventional QCD penguin diagram (the first term). 

An analysis of these new data has been done J ' A fit to the data excluding c'/e 
gives two solutions for mtm. mt — 1221|* GeV (with a negative p) and 401 t\H GeV (with 
a positive p). Including the average value of ife (NA31+E731) selects the lower solution 
mt = H3l35 ^ e V > a n d t n e 9 0 %CL contour lies below mj = 400GeV. (One should never
theless note that the analysis does not cover the full uncertainties of various hadron matrix 
elements.) Thus these flavor-mixing processes give constraints for mt which are consistent 
with other restrictions, but do not provide a stronger limit by themselves. 
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Reach to the top 

We have come to know that the top quark is heavier than previously thought. Some 
of us ask why the top is so heavy. I would ask why the other fermions are so light. After 
all, every fermion gets its mass from the Fermi scale, which is 250 GeV! Anyway, we are 
destined to continue our quest for the top quark. 

How far can one go with the existing and planned accelerators beyond the present 
limit'- ' of 77 GeV? LEP 2 is expected to increase the cm. energy up to ~ 190GeV in five 
years, but its reach is only up to ~ 95 GeV, not a substantial improvement. 

More important and unclear is the reach of Tevatron. The production cross section' ' 
of a tt pair at Tevatron is about 100 pb at mt = 100 GeV, decreasing to 10 pb at 150 GeV, 
2 pb at 200 GeV. Requiring one of the top decays semileptonically, the other hadronically 
reduces the event rate by almost an order of magnitude, and the e/i rate is another order 
of magnitude smaller. Taking into account the reduction factor from acceptance, cuts, and 
detection efficiencies, a top of 200 GeV seems for me to be out of reach at the cm. energy 
of ~ 2TeV. We need a dedicated, realistic simulation to determine the actual reach of 
Tevatron. 

SSC/LHC should have no problem as far as the cross section is concerned. The matter 
is how to extract the signal. On the contrary, at e + e _ colliders it is rather trivial to detect 
a top up to half the c m . energy. Even if the first discovery goes to a hadron collider, a 
much more detailed study of the properties is possible at e + e ~ colliders. 

5. Higgs 

Guaranteed discovery in J = 0 sector 

A simple argument shows that the known particles and their known interactions are 

incomplete. In fact, something new is guaranteed to be found in the / = 0 (scalar) sector. 

Let me explain the argument. 

Consider the process tt -* ZZ. It is admittedly a very difficult reaction to measure 

in our laboratory, but it can be regarded as a thought experiment. The diagrams for this 

process are t- and u-channel t quark exchange as depicted in Pig. 8. The vertices in these 

graphs are known gauge interactions. Surprisingly, these innocent-looking graphs contain 
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a peculiarity. The calculated cross section at high energies (i/a > mt) is 

da 
dH 

a 2 m | 
+ o (19) 

The angular distribution of the leading term is flat, indicating that it comes entirely from 
the J = 0 partial wave. This obviously violates unitarity, which requires (TJ—Q £ 1/s, at a 
cm. energy of ~ TeV. Thus, something has to occur below this scale to restore unitarity. 
(The same argument applies to e+e~ —* ZZ, which can be tested, but at an extremely high 
energy.) 

Fig. 8. Conventional diagrams for tt —• ZZ. 

In the standard model, Higgs is the cure for the problem. There is an additional 
graph (Fig. 9) with 5-channel Higgs exchange. This graph, being J = 0, exacty cancels 
the bad behavior of the first two graphs. Moreover, it can be seen that the Higgs-quark 
coupling should be proportional to the quark masses for the cancellation to work, as is the 
case for the standard model. Of course, several Higgs bosons instead of one can do the same 
job, provided that the couplings are correctly chosen (which is automatic in any consistent 
gauge model). 

Fig. 9. Higgs exchange diagram for tt —» ZZ. 

Another possibility is that there is no elementary Higgs particle, In this case, the top-
Z (and also W) sector becomes strongly interacting at TeV energies and one may expect 
various phenomena such as the appearance of resonances. Although this is an interesting 
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possibility to pursue, I hereafter restrict myself to the case of the standard Higgs boson 
for which predictions are most definite. 

Present limits for standard Higgs boson 

There has been a great progress in the search for a relatively light Higgs boson in this 
year. The number of experimental articles is more than doubled. In the following I discuss 
main results on the Higgs boson mass limit. 

A limit for a very light Higgs {mg £ 2m e ) comes from the measurement ^ of 
hyperfine splitting of muonic atoms. The splittings agree with QED predictions at the 
level of 1 0 - 6 . A Higgs boson with mjj & lMeV is excluded at more than three standard 
deviations, even if a conservative estimate of the Higgs-nucleon coupling* is used. The 
68%CL limit is 10 MeV if r)B!iN = 2/9 is used. 

The search for a rare kaon decay K+ —• ir+H, where H is not detected, is also 
relevant to a very light H. A BNL experiment ' ' gives upper limits for the branching 
ratio of less than 1 0 - 8 (90%CL) for ms £ 10 MeV, < 10~ 7 for mH £ 20 MeV. The decay 
amplitude for this process contains a "hard" part from s -» dH, which has been calculated 
by many groups,'- •" and a "soft" long-distance part. Chiral perturbation theory is employed 
to get estimates'- ' for the amplitude, which indicates that the two contributions can 
interfere destructively. The natural order of magnitude for the branching ratio is at 10~ 4 

level, but accidental cancellation is possible, if unlikely, because of our ignorance of the soft 
contribution. For the charged kaon decay K+ —• ir+H, the imaginary part of the hard 
amplitude gives a lower limit on the branching ratioj which however depends on mi and 
the Kobayashi-Maskawa parameter IJ. If we take a rather conservative estimate T; J£ 0.1' ' 
and mt £ 80GeV, we find B ( J i + -* n+H) £ 1X 10 - 6 /? , where fi is the S-wave phase space 
factor. The experimental result thus excludes mjj S 20 MeV. 

Nuclear 0 + - 0 + transitions by Higgs emission followed by H —* e+e~ were searched 
for with negative results' ' and can exclude the mass range 2m e-10 MeV, the upper end 
again depending on the Higgs-nucleon coupling. 

An electron beam dump experiment at Orsay' ' excludes the region 1.2-52 MeV at 
90%CL. The result depends only on the Higgs-electron coupling, which is unambiguously 

t If one parametrize the Higgs-nucleon coupling as guNN = '?HJVw('\/5Gf')1/2mjv, the estimate 
by Shifman et a/. assuming three heavy flavors gives IJHJVW = 2/9, which I regard conser-

T62l 

vative. More recent estimates with nonzero strange-quark matrix element of proton give 
VHNN — 0.56. 
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predicted in the standard model. 

The rare pion decay ?r+ -+ e+vH followed by H -+ e+e~ was searched for'7 0' by 
SINDRUM Collaboration at SIN (now PSI), The limit for the branching ratio is between 
1 0 - 9 and 1 0 - 1 1 for mg - 10-100MeV. The theoretical prediction t 7 1 ' 6 6 ' is quite robust 
and the mass range 10-100 MeV is excluded at 90%CL. 

The kaon decay K -* irH has been searched for by several experiments. Apart from 
the search for K —• w+"nothing" mentioned earlier, there are two significant results. NA31 
Collaboration at CERN' ' looked for Ki —» ir°H, H -* e+e~ and derived a bound for 
the product of the branching ratios of 1 x 1 0 - 7 at 909SCL for mg £ 15 MeV and 2 x 1 0 - 8 

for mg £ 50 MeV (the limit extends to above 300 MeV). Although there is no theoretical 
lower bound for T(Ki -* ir°H) in contrast to the charged kaon case, the result is likely to 
exclude the mass range 15 MeV-2m^ barring accidental cancellation. 

A BNL experiment ' ' searched for K+ -+v+H followed by H —* y.+y.~, with a limit 
for the product of the branching ratios of 1.5 X 1 0 - 7 at 90%CL for mg = 220-320 MeV. 
Compared to the theoretical lower bound mentioned earlier, the limit is marginal especially 
at the higher side, because of the phase space suppression 0 ~ 0.4 at mg = 320 MeV) 
and the opening of H -* Jrw decay at 270 MeV. Nevertheless, the mass range is likely to be 
excluded. 

The importance of the B decay B -*• HX has been recognized recently. The decay 
rate' •" T(b —» sE) is proportional to mf and the branching ratio exceeds 20% if one uses 
the CDF l imit l 4 3 ] for mt. Several decay chains B -f HX, H -* e+e~ (Mark II at PEP [ 7 4 ] ) , 
B -» HX, H — n+p-, and B - HK, H -+ n+yT, jr+jr" (CLEO [ 7 5 ] ) have been searched 
for and the mass range 70 MeV-3.6 GeV is excluded with high confidence. 

The T decay T —* Hy'- * produces a monochromatic line in the photon energy spec
trum. A limit comes from CUSB, l 7 6 ] excluding 210 MeV-5 GeV if O(os) corrected theo
retical prediction' ' is used for the rate. The 0 ( a s ) correction is large (reducing the rate 
by a factor of 2) and the limit is very sensitive to additional corrections. 

After the talk was given, new limits have been announced by LEP groups, which 
looked for the decay Z —* Z*H, Z* —* £1, vv, (qq). The expected rate is not so small 
for light Higgs masses. ALEPH [ 7 8 ] excludes the region 32 MeV-15 GeV and OPAL [ 7 9 ] 

rules out 3.0-19.3 GeV, both at 95%CL. A more recent ALEPH paper^ ' searches for the 
H —• 66 signature and extends the limit to 24 GeV. 

To summarize, the standard Higgs boson with mass less than 3.6 GeV is excluded by 
various low energy experiments, especially muonic-atom hyperfine splitting, electron beam 
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dump, pion decay, and B decay, with overlapping excluded regions. Recent LEP results 
extend the limit to 24 GeV. 

Higgs decay modes 

As is well known, the Higgs boson decays to the heaviest particle pair accessible, 
because of the mass-coupling proportionality. The decay width to a fermion pair is 

i v « /Jx GFm2

fmHp3

f M kpton , x 

r ( J W / ) = 4V&r X l 3 quark ' <»> 

where j3f = (1 - 4m 2

r /m 2 t f J 1 / 2 , and those to a weak boson pair are 

T(H -> W+W-) = &ZteBL(i - ^ L + !*&) , ( 2 1 ) 

8V27T V ms ™rB J 

T(E^ZZ)= F aJrZ [1-—J. + —gS), (22) 

where /}\y and ftz are defined similarly as Pf. Other two-body decays H —• gg, 77, 
T82] 

ZfL ' do not exist at the tree level but occur through higher-order loops. The rates are 
generally small. 

There is an important effect which is not so widely known: the QCD correction ̂  ' 
to the decay H —• qq. The correction factor is large and positive near threshold, eventu
ally leading to the mixing of the Higgs with quarkonium states.' ' ' In the opposite 
extreme case mjy ^> mq, the correction is again large but negative, with a logarithmic fac
tor log(mj/mjj). A bulk of the correction can be absorbed ̂  ' * if one replaces the quark 
mass in the tree-level formula by a running quark mass, which actually sums over leading 
logarithms. In any case, the decay rate to quarks is reduced by the correction to a large 
extent for mq <C m j , which may be relevant for the intermediate-mass Higgs searches. 

The calculated branching ratio of the standard Higgs boson is shown in Fig. 10, for 
the two cases mj = 100 and 200 GeV. Several comments should be made: 

1) Since mt ^ myy, the 66 mode is dominant until the W+W~ mode takes over. The 
ti mode is never dominant, at most 20-30% at somewhat above the threshold. 

2) The W+W~ and ZZ rates in Fig. 10 include one-virtual-one-real configurations} ' 
i.e., WW* and ZZ*. It can be seen that the three-body mode Wff already dominates 66 
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Fig. 10. Branching ratios of the standard Higgs boson for (a): mj = 100 GeV; 
(b): m< = 200GeV. 
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at mjj ~ 140 GeV, below the real WW threshold. A detailed plot of the branching ratios 
in this region is shown in Fig. 11. 

3) The effect of the negative QCD correction can be seen in the comparison of T+T~ 
and cc rates which shows a crossover. The branching Tatio for T+T~ is 6-8% when bb is 
dominant. 

4) The loop-induced modes gg, 77, Zf depend on mt for mjj J£ 100 GeV. The 
branching ratio for gg is never above 10%, and those for 77 and Zf are at most 2 X 1 0 - 3 . 

The main modes are thus as follows: 
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Fig. 11. Standard Higgs branching ratios in the "intermediate"region m j 
80-200 GeV. mt = 100 GeV assumed. 
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Future Higgs search 

LEP 1: Limits from the first year's data are already available, as discussed earlier. 
The search utilizes the decay Z -» Z*H, Z* - • tl, vu, (g ). The branching r a t i o ^ 
decreases rapidly as mg increases. The reason is twofold: (1) For small mg, the virtual Z 
can become closer to the pole, enhancing the rate; (2) For large mg, the three-body decay 
is suppressed by the factor (m^ — mg)5. The exploration of the larger mass region thus 
requires a much larger data sample and we should await for another year or two. Eventually 
one should be able to detect the signal up to 40 GeV. ' 

The decay Z —• Hy occurs via loops. The expected rate^ ' is too small to be 
really useful. Being a two-body decay, the branching ratio for large mg exceeds that for 
Z —* Z*H. The rate becomes too small, however. 

LEP 2: Above the Z pole, associated production e + e - - » Z * - » ZH has a reasonable 
cross section if y/a > mg + mg. LEP 2 is expected to cover the range mg & myp by this 

[93] process.1 ' 

Tevatron: Difficult if not impossible. The cross section is too small for not too light 
Higgs bosons, and the background is huge. There are proposals'- ' to use the T+T~ 
mode to tag the event, but it can only be used if mg & 10 GeV, which is already excluded 
by LEP. 

SSC/LHC: Two mechanisms—gluon fusion and W fusion—can produce the Higgs 
with a not-too-pessimistic cross section. If mg £ 200 GeV, the decay chain H —* ZZ -* tilt. 
or (Ivv is thought to be a good signature. However, including realistic estimates of the 
acceptances and efficiencies does not leave so many events above backgrounds and the 
accessible mass range has not been firmly established.^' For the intermediate mass region 
mg & 200 GeV, the detection is probably impossible. 

TeV e"*"c~ colliders: Two processes are important: e + e - —» Z* —» ZH for lighter 
mass region and WW fusion ( e + e - —* vvH) for higher masses. ZZ fusion ( e + e~ —<• 
e+e~H) has a cross section only 1/10 of that of the WW fusion. A collider with Ecm = 
1 TeV can explore quite a wide range up to mg ~ 500 GeV. * In particular, the interme
diate mass region is accessible only at e+e~ colliders. Higgs search is thus a particularly 
suited subject for a TeV e+e~ collider. 
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6. N e w P h y s i c s 

Theorists have invented too many(?) scenarios for new physics. Here are some of 
them. 

© Fourth generation 
© New gauge interactions 
© Exotic quarks and leptons 
© Multi-Higgs 
© Axion 
© Grand unification 
© Supersymmetry 
© Technicolor 
© Composite quarks and leptons 
© Composite W, Z 
© Axigluon 

As remarked at the beginning of the talk, we do not have a single compelling exper
imental evidence for any of the above scenarios, although some of them have theoretical 
motivations such as naturalness. In particular, supersymmetry and technicolor offers some 
explanation for the origin of the Fermi scale, the problem closely related to the Higgs sec
tor: Supersymmetry tends to predict a Higgs boson lighter than about 200 GeV, which is 
elementary, and technicolor models would imply a heavier scalar composite particle or no 
such particle at all. One should remember, however, that something has to occur in the 
scalar sector, as discussed in the previous section. 

You can bet on any of the above scenarios or anything else you like, but I think it 
is quite likely that a new discovery will be none of the above, something which is totally 
unexpected. 

Although I can easily spend more than one hour for each of the listed new physics 
possibilities, I will briefly discuss only one of them, axigluon, not because it is theoreti
cally favorable (as a matter of fact contrary), but because it is not widely known but is 
phenomenologically intriguing. 
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Axigluon 

Axigluons ' ' are the massive gauge bosons of broken chiral color. Suppose the color 
SU(3) is a part of a larger group, chiral SU(3)/, X SU(3)fl, which is assumed to be broken 
into the diagonal group SU(3)C, the usual color group. Eight of the original gauge bosons 
remain massless (gluons), but the remaining eight acquire mass. These are called axigluons 
(gA) and supposed to have an axial vector coupling to quarks with the same strength as 
gluons. This model may seem quite natural at first glance. However, any working model of 
chiral color is rather ugly; one has to introduce colored Higgs fields to give a mass to quarks 
as well as to break chiral color, and extra fermions are needed to cancel the anomaly. In 
spite of this fact, axigluons provide an interesting phenomenology which does not depend 
on the unknown sector of the model. 

Since axigluons have strong interactions with quarks, some mass ranges can be readily 
excluded. The Up'lon total width would be more than order of magnitude larger if the 
decay T -+ ggA is allowed (the rate would be 0(d%) instead of 0 ( a | ) and the color factor 
is larger). This puts the limit'- ' m £ 9 GeV. Nonobservation of jet-jet resonances at the 
CERN pp collider excludes' ' the range 150-310 GeV. Some more model-dependent limits 
may be found in the literature) ' 

Recently, Cuypers and Frampton' ' calculated the axigluon radiative correction to 
the process e + e ~ —*• hadrons. They found that the well-known 0(as) correction factor to 
the total cross section for e + e ~ —* hadrons 

[Here, J£o is R at the lowest order (= 3 ̂  e g) a n ^ -Rl i 8 the 0(as) correction.] is doubled 
if the axigluon mass is much smaller than the c m . energy. Moreover, they found that even 

for m . £ y/s, in which case the real emission e+e~ -* qqgA is energetically forbidden, the 

correction factor is quite substantial. I have made an independent analytic calculation'- ' 
of the graphs and my result seems to agree 3 with their plots (they give numerical results 

only). 

§ Falk studied the same process in the effective theory language and found negative cor
rections. Since both results should agree (if the summation of leading logarithms is not per
formed), there seems to be an error in his calculation. However, he correctly points out the 
danger of discussing the axigluon effects just in one process without doing a consistent global 
analysis. 
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Fig. 12 shows the effect of axigluons in e+e~ —» hadrons, the virtual and real correc
tions plotted separately. It is readily seen that the real emission correction remains quite 
small until well above the threshold, being about 0.1 at y/5 = 2m. . This is due to the Q5 

phase space suppression of the process e + e ~ —* qqgA. On the other hand, the virtual cor
rection becomes quite substantial already below the threshold: about 0.3 at y/s = 0.5m. 
and 0.7 at the threshold. This means that the axigluon corrections essentially increases the 
two-jet rate but do not give characteristic four-jet topology (due to gA —* qq) until high 
above the threshold. 

The implication of this result is interesting. Suppose that the axigluon mass is about 
50 GeV, which has not been excluded by the above arguments. The R value at TRISTAN 
(y/s ~ 60 GeV) would then bigger than the standard estimate by 3% or so, whereas the 
increase of R at PEP/PETRA energies is less than 2%. Moreover, the Z° width to hadrons 
would increase by about 4%. Both of these may be compatible with what have been 

[•jo 1 7 3 2 1031 

observed!1 ' ' ' Even if this turns out not to be the case, axigluon is one of the 
possibilities which can be searched for at TeV colliders. 

Pi \ 
K < 

1.0 -
- i—i—i—r—i—i—i—i—i—1—i—i—r- I ' ' ' ' I ' ' ' ' I 

Fig. 12. Axigluon radiative corrections to R. 
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7. Conclusion 

I leave the conclusion of my talk for discussions during this workshop. 
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A Survey on the Weak Boson Productions 

— Physics of the Gauge Sector of the Electroweak Theory — 

Hirotomo Iwasaki 

Department of Physics, Hiroshima University 

Hiroshima, 730 

A survey on the weak boson productions in the e +e~ colliders at cm. energy 

of from Fermi scale to TeV scale is given with emphasis on the measurements of 

parameters in the gauge boson sector of the electroweak theory. 

1. Introduction 

This subsession of the meeting is devoted to point out what production processes of 

the weak bosons are expected in the e + e ~ colliders at the Fermi to TeV energy scale and 

what measurements can be done on the gauge sector of the electroweak theory. 

There are still a lot of things left unobserved in the standard model (S.M.): Higgs 

particle, top quark, particles belonging to the fourth generation, etc. And, especially in 

e + e ~ colliders, precision measurements of paramenters in the gauge sector are important 

issues for cm. energies of Fermi scale, because the values of these parameters are crucial 

for the gauge symmetry to be ex =t. Since the Higgs and top searches are explained in 

great details in other sessions, here we concentrate only on the experiments on the gauge 

sector. 

The contents of this talk is as follows: The weak boson production cross sections 

are surveyed in Sect. 2, and the characteristics of the single W/Z boson productions are 

explained in Sect. 3. Several experimental targets in the gauge sector are listed in Sect. 4. 

2. Cross Sections 

The weak boson production cross sections in e+e~ colliders at Fermi and TeV scales 

are shown in Fig.l, where the processes, such as WW7, Z77, ee-f, etc., which can be regarded 

as the radiative correction to other ones are, in principal, omitted. The unit of cross sections 
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is pbj 1 0 - 4 pb corresponds to 1 event/year for the luminosity of 1 0 3 3 c m - 2 s _ 1 . The region 

of interest in JLC, 0.4 TeV < *Js < ITeV and a > 10 fb, is illustrated in the figure. 

The importance of the non-annihilation (N.A.) processes should be noted here. So-

called annihilation (A.) processes, in which e + e - once pair-annihilate into an s-channel 

intermediate state and then decay into subsequent particles, are characterized by the total 

cross section depending on the cm. energy i/s as, ff(s) oc 1/s. In contrast to that, the 

cross sections of non-annihilation processes behaves as er(s) oc ln(s /m 2 ) , where a mass 

scale m depends on the process. In the case of the weak boson production processes, the 

energy range relevant to the JLC just corresponds to the cross-over region of the N.A. and 

A. processes. 

103 
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Fig.l The total cross sections of the gauge boson productions in e+e collision. 

As seen in Fig.l, the W-pair production and e+e~ -* Z7 still dominates in the 

JLC energy range. Although important physical quantities, if observable in WW and Z7 

productions,'21 can be measured at LEP II, many of them can be measured with almost 

the same and sometimes better accuracy in JLC. Therefore, W-pair and Z7 are important 

targets still in JLC as well as significant backgrounds. Since the result on the simulation 

of W-pair production is given in another talk' 3 ' of this meeting, no details are mentioned 

here. 
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3. The Single W Boson Production 

The next dominant weak boson production processes are the single W/Z productions w 

which have the cross sections of O(lpb) in JLC, as seen in Fig.l. Since they are also 

unnegligible backgrounds of almost all experiments of SUSY particles and Higgs search 

some characteristics of them are listed below: 

3a. Energy distributions 

e+e~ -» et/W: This process consists of N.A. and A. contributions, each of which has dis

tinctive energy distribution. The A. type comes from W-pair production with one of W 

decaying into tv, and hence each W tends to have the energy about y/s/2, making up a peak 

in energy distribution at Ew = v^/2 . Note that the width of this peak is characterized by 

the W boson width and the beam energy fluctuation. N.A. contribution, in contrast to A., 

has broad energy distribution in the range from E\y = myy to Ew = (1 + m?y/s) • y/s/2. 

e+e~ -> e + e~Z: Also two contributions, from N.A. and A., exist in this process: the A. type 

is equivalent to the combination of e+e~ —> ZZ*, Z* —* e + s ~ and e+e~ —> Z7*, 7* —> e+e~. 

The Z boson energy distributes around Eg = y/s/2 or, (1 + mz/s) • y/s/2, respectively. 

Corresponding to that, the e + e ~ pair has the invariant mass about mz or about zero. 

The main contribution of N.A., in this case, comes from the u-channel electron exchange, 

enhanced by the double-log factor in the cross section. The e + and e~ are both emitted 

collinearly, and so is Z. 

e + e ~ -» 77Z: For y/s ~ mz, photons are always the soft ones, estimation of which needs 

the loop correction. But for y/s > mz, the process e+e~ -» Z7 produces the particles with 

definite energies; Ez = (1 + mz/s) • y/s/2 and Ey = (1 - m | / s ) • y/s/2. Therefore, 77Z, 

of which Z has energy around (1 + m^/s) • y/s/2, can include a soft photon with invariant 

mass of two photons being equal to zero, while the events with Ez < (1 + mz/s) • y/s/2 

have no infra-red divergence. At Ez — mz, the cross section is enhanced, nevertheless 

finite because Myy = y/s — mz-

3b. Pi distributions 

e + e ~ -> et/W: Since the A. contribution comes from W pair, the p T of W shows the same 

distribution as in the W pair production.'3'51 The N.A. one always includes the t-channel 

W exchange, and hence p T is of order of mw • (See Fig.2.) 

* The process e+e~ —* vvZ is omitted here. It has not been evaluated yet and will be reported 
after the full calculation is done. 
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e + e ~ -f e+e~Z: The Z boson in the ZZ/Z7-induced e + e~Z events has the same p T dis

tribution as Z in ZZ or Z-y. ( r , 6 ] Whence the distribution is the superposition of these two 

A. processes and the N.A. process. The N.A. one has the p T distribution characterized by 

very small pT , because most of e* are emitted collinearly to the beam. 

77Z: The p T of Z in this process is mainly small, but, owing to its large cross aV a 

section, the events with large p T are produced sometimes more than in e"*~e Z according 

to the cuts. 
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Fig.2 The p T distributions of e + e —» ei/W,eeZ,77Z. The 77Z events with 

Ez > 0.9 (1 + m\ls) • y/s/l were vetoed. 

4. Measurements of parameters in the Gauge Sector 

As the cm. energy gets higher, the physics signals for the measurements of the 

parameters participating in the weak boson interactions change, as seen in below: 

(i) \/s ~ mz- On the Z pole, / / Z coupling ( / : any fermion) can be measured, including 
[si the form factorial behavior. 

(«'«) y/s ~ 2mw. In the LEP II energy range, WW7 and WWZ couplings are determined 

from the W pair production. M 
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(Hi) y/s £ 2m\,y. The N.A. processes participate in and, among them, euW is utilized to 

measure WWZ coupling again, but in the different kinematical configuration.141 

(iv) i/s % 0.5 TeV. The rate of N.A. processes keeps growing, and especially the W pair 

production of the N.A. type, e+e~ -> e + e - W + W ~ , comes to have the sizable cross 

section, giving us the opportunity of measuring the four boson coupling of WW77 

for the first time. And as explained later, Higgs bosons with mg & 0.5 TeV may 

be seen in the signal e+e~ —* WWZ. 

(t>) y/s £ 1 TeV. The other four boson couplings, WWZZ and WWWW (and other 

anomalous ones also), can be seen in the signals, eeWW, w W W , 1/1/ZZ. And due to 

the increasing W/Z exchanges, the Higgs boson coupled to them might be observed.'101 

Several of the above signals are picked out as important targets of JLC and explained 

in the followings: 

4a. Precision Measurements of Three-boson Vertices 

In the W boson pair production process, e+e~ —• W + W " , the WW7/WWZ cou

plings are measured. Apart from the the form factorial behavior, they are best measured 

at LEP II energy region. But the W pair signal always gives information on a combination 

of the WW7 and WWZ couplings, i.e., the right- and left-handed electrons are responsible 

to the WW7 coupling, / ? , and the WWZ coupling, ff, in the combination of the form, 

fR = f? _ _ L _ f? 

f i = % + ( 2 s i n 2 ^ " 1 ] 7 ^ f i • 

(See Refs.5 and 11 for detailed discussions.) The W boson magnetic moment, 

quadrupole moment, electric dipole moment, etc. are examples of such parameters /,-'s. 

Complementarity to the W pair production, the single W boson production gives 

us opportunity to measure the WW7 and WWZ couplings in the different combination. * 

Roughly speaking, only the WW7 coupling is measured in this process at LEP II, and still 

in JLC the deviation of WWZ coupling from the S.M. is difficult to detect. The precision 

of the WW7 coupling measurement is expected to improve from ~ 8% at LEP II to ~ 5% 

at JLC. 

4b . Four-boson Vertices 
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Although the production rate of e + e - W+W~ is too small to be used for the estima

tion of the WW77 coupling in experiments at LEP II, the cm. energy of 0.5 TeV enables 

us to obtain 103 events a year at JLC. (See Fig.l.) After determining the WW7 vertex, one 

can measure the WW77 coupling. Since this is the first possibility to observe the four-boson 

interaction vertex of the gauge boson self-interaction, the JLC stands in quite a important 

position. 

4c. Higgs boson (2m\y < mj/ £ 0.5 TeV) 

The heavy, but not too heavy, Higgs boson is another interesting issue related to 

the gauge boson production. The authors of Ref.9 showed that the production rate of 

WWZ is sensitive enough to detect the Higgs boson if m # & 0.5TeV. As seen in FIG. 3 

of Ref.9, the enhancement of the production rate by the Higgs particle is about 20%, 10% 

and 5% for y/s — 0.5,1.0 and 2.0 TeV, respectively. These values should be compared with 

the statistical error of about 10% for integrated luminosity of 10 f b - 1 , thus indicating the 

feasibility of the Higgs boson with tag %, 0.5 TeV. 

Summarizing, one can say that the JLC is capable of exploring the non-abelian gauge 

structure in the gauge boson sector. And in that sense, the e + e _ collider for the energy 

range between the Fermi and TeV scales plays a special role in the forthcoming accelerator 

experiments. 
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W pair production in TeV region 

Akiya Miyamoto 
National Laboratory for High Energy Physics 

1. Introduction 

In TeV energy region, e"*~e —+ W**W process has a dominant contribution 
to the e+e~ annihilation. In the leading order terms, this process has the three 
gauge boson vertices(fig.l), WW') and WWZ, which can not be studied at present 
e + e~ colliders. It is well known that the amplitude of each diagram in fig.l increases 
dramatically at high energies and nothing but the gauge boson couplings predicted by 
the electroweak theory allows mutual cancellation of these three diagrams to prevent 
this process from violating unitarity. Since the cancellation is stronger at higher 
energy, even a small deviation of the gauge boson couplings from the standard model 
values could produce a large effect to the cross section at high energy. In other 
words, the precision of the measurement of the gauge boson couplings increases with 
energy(ref.l). 

Motivated by these facts, the sensitivity to the anomalous gauge couplings was 
compared at three energy points. For detailed studies of the W pair process in future, 
a Monte Carlo event generator was prepared and a very primitive analysis of the W 
pair process has been attempted. These are described in the following sections after 
a short comment on the cross section. 

2. Cross section 

The total cross sections for the standard model processes, namely, / / , single 
vector, double vector and triple vector production processes, are summarized in fig.2. 
At Ecm = 1 TeV, about 105 W pairs are produced for an integrated luminosity 
of 30 f b - 1 , corresponding to about 100 days of data taking with a luminosity of 
3 x 10 3 3 cm - 2 sec _ 1 . Note that this is nearly an order of magnitude larger than W 
pairs to be produced at LEP-II with the expected annual integrated luminosity of 
500 pb" 1 . 

The differential cross section for the W pair process at three different energies 
are displayed in fig.3. As shown in the figure, the W pair process shows a strong 
forward peak at high energy. The peak is mostly from transversely polarized Ws due 
to neutrino exchange. Longitudinally polarized Ws, which may lead to a possible bad 
high energy behavior, have rather flat angular distributions. Differential cross section 
for polarized beam is also shown in fig.3. To the annihilation of right handed electron 
(e^) and left handed positron (ejj), neutrino exchange diagram does not contribute 
and its cross section is more than an order of magnitude smaller than e2eR c a s e -
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3. Sensitivity to anomalous couplings 

General couplings for WWf and WWZ can be derived from the following effec
tive lagrangian(£)(ref.4). 

Cwwvhwwv ^ ( H ^ r v - wlv.w)+iKVwlw*v» 
mw 

+ g%e'"''"r(W}dpWl,)Vir + i KV WlW„ V 

+ i-^wlw vv 
mw 

where V is either the 7 or the Z field and W1 is the W~ field, Wpv = dyWv-dyW^, 
V = dfV, - d„V"„, VpV= \t^paV\ and (Ad„B) = A(d^B) - (d^A)B. gWWv is 
the overall coupling constants; gww-i = ~ e a n d gwwz — —ecotO\y. 

There are seven independant couplings, g\ ,Ky, hv,g%,9s,^Vi and Ay each for 
WW') and WWZ vertices. In the standard model, g\ = KV — 1 and the others 
are 0. With these couplings, the magnetic moment /iyy and the electric quadrapole 
moment Qw of the W+ are expressed as 

If W is composite, for example, it may have an anomalous magnetic moment, 
g — 2(= 1 + Kf + A7 — 2), resulting in a change of the cross section from the standard 
model value. The differential cross sections with non-zero g~ 2 at three energy points 
are shown in fig-4. In this plot, K 7 and A7 are changed keeping Qw = 0. Note that the 
cross section in the central region at 1000 GeV exceeds that at 190GeV in the case of 
g-2=0.4, though the standard model cross section is more than an order of magnitude 
smaller at 1000 GeV. This clearly demonstrate how dramatically the sensitivity to 
the anomalous couplings increases with energy. 

The differential cross sections normalized by the standard model values are shown 
in fig.5. The error bars shown in the figure are expected statistical errors based on the 
following assumptions. We assumed that W pair process is measured by lepton+jets 
mode, WW —• (Iv) + (??)> / = e or /i. This mode is specific to WW process and the 
backgrounds from other processes will be small. Therefore a 100% selection efficiency 
is assumed for Ws produced in the detector acceptance. The branching ratio(Br) 
to the lepton+jets mode is assumed to be 30%, assuming Br{W —» I) = 11% and 
Br(W -+ qq) = 66%. As for the integrated luminosity, 0.5, 2, and 15 f b - 1 are 
assumed at 190, 400, and 1000 GeV, respectively. 
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Fig.4 indicates that , at 400 GeV, the sensitivity to the anomalous magnetic mo
ment is a factor greater than that at 190 GeV. At 1000 GeV, it is about an order of 
magnitude greater than that at 190 GeV. If we can get 20 f b - 1 at 400 GeV, we may 
get similar sensitivity to that at 1000 GeV with 15 f b - 1 , if the systematic error is 
small enough, say 5% or less. 

4. Event generation of W pair events and analysis. 

The Monte Cairo event generation of the W pair events was done as follows. The 
differential cross section was calculated by Helicity Amplitude technique (ref.3) to 
include the correlation of the final leptons. As for the branching ratios, Br(W~ —* 
lu) = 11% for each leptons, and B r ( W _ —• qq) = 33% for qq = du or sc are 
assumed. When W decayed to qq, they were hadronized using the LUND6.3 string 
fragmentation model. At a TeV linear collider, the center of mass energy of the initial 
e + e _ system is not equal to twice the beam energy, due to "beamstrahlung" effect. 
This effect was taken into account with following parameters. N = 8 x 109,ax = 
190nra,<Ty = lnm,er z = 26pm, and Ef,eam = 500 GeV. With these parameters, 
effective y/s of 40 % of events is between 980 to 1000 GeV (fig-6). For detector 
simulation, neither smearing nor track overlapping were taken into account. However, 
the effect of the acceptance hole was taken into account by requiring ] costftndc |< 
0.98. 

Various kinematical variables for the generated W pair events are histogrammed 
in fig.7- 9. With the above mentioned beam parameters, momenta of the most of 
Ws are similar to the beam energy and the angular distribution of W in laboratory 
system has a similar structure to those in the CM system(fig.7). The leptons from W 
deacys have a similar angular distribution as that of W since these leptons tend to 
be produced in the same direction as the Ws. The momentum distribution of leptons 
is flat when | cos©/- | < 0.96 is selected. 

As a very primitive analysis of the W pair events, we selected WW —y (lu) + 
(qq), I = e or ft, events as follows. Event topology of this process is one charged track 
in one hemisphere and jets in the opposite hemisphere. We divide the event into two 
hemispheres by a plane perpendicular to Thrust axis and calculate the invariant mass 
of each hemisphere (M j e j ) . The distributions of A// ei and cos 0jet are shown in fig. 10. 
For event selection, we require, 

1. 40 GeV < Mjet < 120 GeV. 

2. | cos 0jet | < 0.80 

3. The number of tracks in the hemisphere opposite to jet is one. 

4. The collinearity angle between jet and the charged lepton (Ocollin) satisfies 
I c°s0 c o H j „ |< -0-9- This removes events with low collision energy since 
they are strongly boosted to beam direction by beamstralung. 

We determined the charge of the W from the charge of the lepton and the direction 
of the W from by the angle of the jet system. 
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The angular distribution of the selected Ws is shown in fig.ll, together with the 
generated Ws. The selection efficiency, which is defined by 

the number of W accepted in 0 W -
n(Q \ —- _ " c a 

Wcro' t n e number of W — generated in 0 W - ' 

is shown in fig. 12. The selection efficiency is about 0.5 and nearly flat in the | cos 0 \< 
0.8 region. Due to finite resolution for cos 0, events in the larger cos 0 region smeared 
into the lower cos0 region, which cause a slight increase of T)(0W- ) in the larger 
cost? region. The event loss in these regions is mainly due to the beamstrahlung 
which causes a large boost of the CM system along the beam direction. The angular 
resolution of the present analysis was estimated to be about A(cos0) ~ 0.1, which 
is dominated by the beamstrahlung effect. The selection efficiency and the angular 
resolution will be much improved if we require Epj balance to estimate v momentum 
associated with the lepton. 

5. Conclusion 

To improve the accuracy of g-2 of W by an order of magnitude from the ex
pected accuracy of LEP-II, we need O(20fb _ 1) at ITeV or 0.4 TeV. The effect of the 
systematic error will be much smaller at 1 TeV. A Monte Carlo event generator for 
the W pair process is prepared including the beamstrahlung and the angular corre
lation of the final fermions. With a simple analysis, we obtained Acosfljv ~ 0.1 and 
a selection efficiency of about 0.5 . The efficiency and the angular resolution will 
be improved by requiring Spj balance to get v momentum. Analysis with a proper 
detector resolution is awaited. 
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FIGURE CAPTIONS 

1) Feynman diagrams for W pair production. 
2) Total cross sections of the e + e - annihilation processes in TeV energy region. 

For e+e~ —> qq, mt = 200 GeV was assumed. Dotted axis in the figures shows 
the number of produced events assuming 0.5fb_ 1 for LEP-II and 30fb - 1 for 
JLC. Fig.2-b was obtained from ref.2 

3) Angular distribution of polarized W+W~ at y/s = 190,500 and 1000 GeV. The 
numbers shown in the figures correspond to the helicities of JV~iy+,(A,A), 
as follows: 1=(-+), 2=(+-), 3=(00), 4=(-0)+(0+), 5=(0-)+(+0), 6=(- -
)+(++)- The line A is the cross section for e^ej —» W~W+. 

4) Differential cross sections for e+e~ -> W+W~ at y/s = 190,400 and 1000 GeV, 
in the case that W has an anomalous magnetic moment. The values shown in 
the figures are g-2 for corresponding curves. SM is the curve for the standard 
model. 

5) The deviations of the differential cross section from the standard model values 
due to the anomalous magnetic moment of W normalized by the standard 
model cross section, at y/s = 190,500 and 1000 GeV. The values in the figure 
are the assumed g-2 values. The error bars in the figures indicate statistical 
errors estimated as described in the text. 

6) A spectrum of the center of mass energy in e + e _ annihilation in the presence 
of beamstrahlung generated with the beam parameters described in the text. 

7) Momentum distribution(a) and angular distribution(b) of the Ws in the labo
ratory frame. 

8) Angular distribution of the leptons in the W~ rest frame. 
9) Momentum distribution for | cos0 |< 0.96 (a) and angular distribution (b) of 

leptons from W. 
10) Invariant mass distribution (a) and angular distribution (b) of jets. 
11) Angular distribution of generated Ws (a) and reconstructed Ws (b). 
12) Event selection efficiency as a function of the production angle of the Wa. 
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HIGGS SEARCH AT FUTURE ACCELERATORS 

JUNICHI KANZAKI 
KEK, National Laboratory for High Energy Physics 

1-1, Oho, Tsukuba-shi, Ibaraki-ken, 305 JAPAN 

1. Introduction 

Many studies on the Higgs searches at future colliders have been already done by 
many physicist^. Here I would like to review these studies and consider requirements 
for JLC and its detector. It should be noted first that only the minimal SM neutral 
Higgs is considered, so summaries and conclusions in the last section do not include 
comments on searches for the other type of Higgs bosons. 

2. Z° decay 

At the SLC and LEP the Higgs boson can be produced via the Bjorken process^ 
( Z —» Z*H with Z* decay to fermion pairs ) or via Z —> yH decay. The branching 
fractions for the various final states are shown in Fig.l. 

The process Z —* fH should have a clean signature with the outgoing monochro
matic photon. However even with 107 Z,s one gets at most 20 events ( even for a 
very light Higgs ). 

The process Z —* Hff proceeds through Z —* HZ*, where Z* is an offshell Z, 
followed by Z —» / / . Detection and Higgs mass reconstruction is then achieved by 
studying the outgoing fermions and/or the decay product of the Higgs. In table 1 
the expected number of Z —* Hn+n~ events is given for 106Z's. 

m f f(GeV) 10 15 20 25 30 35 40 45 50 55 60 
no. of events 75 45 29 18 12 7.5 4.5 2.5 1.5 0.8 0.4 

Table 1: Event rate for the process Z -> Hp+p- given 106 Z's^l 

Taking into account also Z* —* e + e mode, a Higgs with mass of ~ 40 GeV ( ~ 
60 GeV ) might be seen at LEP given sample of 106 ( 107 ) Z's. 

The Higgs mass can be reconstructed by measuring only the four-momenta of the 
outgoing fermions from the Z*. Considering the case where / = lepton ( e or fi ), if 
0i+i- is the opening angle between the two leptons, and Ei+ and £ j - their energies, 
mH ( for s = Mz2 ) is given by : 

mH = [Mz

2 4- 2£,+ £ ; - ( ! - cos 0 / + / - + 2m] - 2Mz{Et+ + E,-)]1'2 
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In addition, the invariant mass distribution of the leptons M,+,- is strongly peaked 
at very large values^, so that the background from the electromagnetic production 
of hadrons plus an l+l~ pair can be easily eliminated. 

The branching ratio of Z -» Hqq is about 20 times that for Z -> /J + / t~. The 
main problem will come from an overwhelming QCD multijet background. The only 
channel likely to be useful would be Z —* Hbb followed by H —> 66 ( for mjj > 10 
GeV ), the resulting bbb~b final state to be identified using a vertex detector. 

An other interesting channel may be Z —* Hvv because of the increased statistics 
- BR(Z —* HvT7)/BR(Z —• H/ip) K 6. Background events may come from energetic 
long lived neutrals (if£, n, n), semileptonic decays of heavy quarks giving high energy 
neutrinos, two-photon processes, and (mainly) energy losses due to the holes and 
limited efficiency of the detectors. An optimistic conclusion'5' seems to be that with 
the neutrino process, 2 x 10 4 to 10 5iJ events might be sufficient to either limit or 
observe the Higgs in the mass range 5 GeV < mH < 15 GeV, but l+l~ channel is 
superior for ran > 20 GeV. 

3 . L E P n 

At LEP II, with y/s = 200 GeV, the Higgs search can be continued using the 
e+e~ —» ZH process. The signal from the final states ( Z —* l+l~,vV,qT[ )( H —* bb 
) is considered. 

The simplest case is when the Z goes to e+e~ or fi+^~- The characteristic event 
topology is then two jets recoiling against two leptons. The backgrounds are: Z°Z° 
production with one Z —»• e+e~, n+n~ and the other Z —* jets; W+W~ production 
with one W —* lu and the other W —> jets + misidentified e, fi; and e + e ~ —• it 
with two subsequent semileptonic decays. The Higgs can be reconstructed in two 
ways. First, one can calculate the recoil mass against the lepton pair as done when 
Z decays. On the other hand, one can use the information from the 6-jets, which are 
the decay products of the Higgs. The problem here is that there are missing particles 
( neutrinos, neutral hadrons). If the missing particles are assumed to be light and 
highly relativistic, the defect in the momentum and the energy will be in the same 
proportion: 

PH = "^observed 

EH = "^observed 
and they can be solved for a , as in ref.[6], and using energy-momentum conservation 
and the fact that the Z mass is recoiling against the jets, mji is given by: 

EcmEohs - ^ c m ^ " ( ^ o b s - P 2 ) ( ^ m " M z

2 ) 
m H = ^ ^ 

V obs ™obs 

In the neutrino case, the Higgs mass is reconstructed only from the jet information, 
and the method above becomes more essential. Unfortunately, the backgrounds to 
this channel are rather large. The most large contributions are from Z°Z° production, 
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with one Z —> vV and the other Z —> jets, and from H^+M^- production, with one 
W -+ TV and the other W —* jets, although there is also a significant background 
from ordinary QCD events which have a hard initial state photon that goes down the 
beampipe. To reduce these background, it is useful to note that the missing mass of 
the event should be roughly the Z mass, and tha t the overall missing px of the event 
should also be large'7!. 

While the hadronic mode is more difficult to reconstruct than the leptonic modes 
above, the rate is much higher. The signature will be mainly 4 jets. The rate from 
vector boson pair productions into a 4-jet final state is roughly twenty times larger 
than the signal. There is also the background from normal QCD events to consider. 

The first step is to find the four-jet events by jet finding methods®. But the 
resolution of the simply calculated invariant masses of jet pairs is rather poor. One 
trick' 6 , 9 ' is to use energy-momentum conservation, and note the fact that the average 
measured jet velocities, 

"•' ~ ~F 

where p, i 0 ; , s and E^, are the observed jet momenta and energies, have relatively small 
errors. One then has four equations in four unknowns, and can solve for the corrected 
energies. The mass plot is greatly improved, but the combinatoric background still 
obscures the peaks, and this improvement is seen to be insufficient when one further 
consider Z°Z° and W+W~ background. 

Finally, the difference of the event characteristics between the signal and the 
background processes should be used: for the signal process, only two of the jets 
should have a invariant mass equal to Mz, whereas the W+W~ and Z°Z° back
grounds should have two pairs of jets with equal invariant masses. The following 
fitting procedures can be used®, which are subject to constraints: 

• energy and momenta conservation: EJEJ,- = £„„ and E p ; = 0 

• mass constraint ( (o) or (6) ) 

where the mass constraints correspond to two sets of hypotheses for the event. Hy
pothesis (a): the event is a W+W~ or Z°Z° event ( Mij = M^i ; 3 trials per event). 
An event is accepted if it either fails the refit or if the pairing with the maximum 
probability has an invariant mass < 75 GeV. For the surviving events, 6 trial refits are 
done using hypothesis (6): the event is an HZ event ( My = Mz ; 6 trials per event). 
The trial pairing with the highest probability is taken, and events with probability, 
p > 1%, are accepted. In this way the W+W~, Z°Z° backgrounds can be removed 
sufficiently to see the signal. 

Several additional cuts are necessary against the QCD background. An SO GeV 
Higgs would be difficult to find using this method, due to the poor survival rate from 
the W + W ~ and Z°Z° removal procedure. 

These analysis techniques are also useful when searching for the intermediate mass 
Higgs boson at e+e~ Linear Colliders. 

4. Hadron Colliders 
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4.1 High Mass Higgs 

A primary goal of pp supercolliders is the search for Higgs bosons up to 1 TeV 
in mass. The SSC at y/s = 40 TeV and luminosity C — 10 3 3 cm _ 2 sec - 1 can cover 
the range 2MW < mH < 1 TeV. The reach of the LHC with v ^ = 16 TeV and 
C = 10 3 3cm _ 2sec~ 1 is less, but a high luminosity region with C = 1—5xl034cm~2sec~1 

is under consideration to extend the Higgs search to higher m j . 
The dominant Higgs production mechanisms at a pp supercollider and the cross 

sections are shown in Fig.2. The gluon-gluon fusion subprocess proceeds through a 
f-quark loop; its contribution is very sensitive to the mt. 

If THH > 2MZ, the Higgs decays to gauge boson pairs and the branching fractions 
of detectable modes are as follows, where I denotes e and ffi-^: 

H - • Z°Z° -> 4/, Br ~ 0.12 x 10" 2, 
H -» Z°Z° -* (l+l-){uV), Br ~ 0.77 x 10" 2, 
H -* W+W- - • {l±v)(qq'), Br ~ 0.17. 

The so-called "gold-plated" events from H —* Z°Z° —• 41 give a signal which has 
peaks!11! n e a r pT(Z) ~ \\fmn2 — 4M^ 2. The continuum backgrounds from qq —» 
Z°Z°, gg —* Z°Z° and gg —*• Zit can be eliminated by applying a cutpr(Zj l a r <j) > 
j V m # 2 ~ 4M^ 2. The discovery potential of the H —• 4/ decay ( assuming mt ~ 50 
GeV ) are as follows!10!: 

ma (TeV) signal/background 
reach (events/yr) 
< 0.6 26/12 
<0 .3 
<0 .7 
< 0.8 80/100 

The "silver-plated" events from H —> (l+l~)(vT7) allow an SSC Higgs search 
at TUH > 0.6 TeV. The signal from the W+W~ fusion production mechanism is 
l+l~ + fa + 2 jets where fa denotes missing transverse momentum. The principal 
backgrounds are (t) qq -> (Z - • l+T) + 2 jets and (ti) qq -* Z°Z° + 2 jets. To sup
press the large Z+ 2 jets background the cuts on px(Z+Z~), jfp and/or the transverse 
mass variable^12! 

[MT(ZU Z2)}2 = [(p2

T + M z

2 ) * + fc$ + Mz

2)if - (pT+ * T ) 2 

where pr = Pr( ' + '~) a i e found to be very useful. 
If the top mass is less than Mw, it may be feasible to detect the H —» Ivjj 

decay mode!13'. The background is (W -* lv)+ 4 jets where the invariant mass of 
2 jets fake Mw- The signal may be rescued by tagging forward and backward jets 
from qq —>• qqH production and requiring that these jets have JSj > 1 TeV. With 
luminosity of 104 p b - 1 , the signal/background ratio is 160 events/140 events at the 
SSC and 20 events/12 events at the LHC for mH= 0.7 TeV. 

C{cm sec *) leptons 
observed 

SSC 10 3 3 e, p. 
LHC 10 3 3 e, p 

5 X 1 0 3 4 P-
5 x 10 3 4 e, u 
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4.2 Intermediate Mass Higgs 

The Higgs mass range Mw < mj] < 2Mz poses severe problems for Higgs de
tection at pp colliders'14'. If 2mt < mjj, the H —* it decay mode is dominant. Due 
to a degraded mass resolution from the cascade decays of top, it seems to be very 
difficult to identify the H —• it signal from the QCD background'15!. Further, other 
decay modes are highly suppressed in this case. If 2mt > mjj, a number of decay 
possibilities can be considered. For example with mjj = 140 GeV ( and mt > 70 GeV 
) the branching fractions are' 1 0! : 

B{H^>bb) = 0.60 £ ( t f - > T + T - ) = 0.02 
B(H-+WW*) = 0.24 B(H-+Z-y) = 0.001 
B{H->ZZ*) = 0.03 £ ( # - + 7 7 ) = 0.001 

All the signals'1 4 , 1 6!, which can be considered from these decay modes, have either 
substantial backgrounds or low rates. Thus even if 2mt > mji it is not so clear that 
the Higgs in this mass region can be found at pp supercolliders. 

5. e +e~ Linear Colliders 

Higher energy e +e~ colliders are being considered'17', which can be used to search 
for niH > Mw- The dominant Higgs production mechanisms in this energy region 
and the cross sections are shown in Fig.3. 

5.1 Intermediate Energy Colliders 

The e+e~ —* ZH search can be continued at an intermediate energy linear colliders 
( 0.3 < y/s < 0.5 TeV ). The decay signatures for e+e~ —> ZH are summarized as 
follows. 

(a) e +e~ -v Z(-> vv)H{-^> it or 66) 

(b) e+e- - • Z(-» l+l-)H{-> it or 66) 

(c) e+e~ -> Z(-^ qq)H(-* it or 66) 

The analyses of these final states will be quite similar to those described in §.3. 
But in the case when the Higgs mass is very near to Mz special attention will 
be required. To search for such Higgs bosons, it is necessary to reduce the Z°Z° 
background. This can be done by tagging the flavor of the final decay products or by 
removing events with small sphericity in the center-of-mass system of the observed 
final state particles. Analysis of events in the case (b) is essentially the same as the 
case (a) once the Z -* l+l~ decay has been identified. In this case, the use of the 
measured lepton momenta to reconstruct the Higgs signal as a recoil mass is a useful 
tool as §.3. The hadronic final states (c) are the most numerous, but require the most 
sophisticated analyses as already described at LEP II case. 
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The conclusion is that the Higgs signal is visible for m s < IMz at e +e~ colliders 
with this s/s region. In the case ro# « Mz, the techniques of jet counting, shape 
analyses in the center-of-mass system of the observed final state and 6-flavor tagging 
will effectively isolate the heavy quark decays of the Higgs boson. An integrated 
luminosity of 10 fb - 1will be enough to find. 

5.2 Higher Energy Colliders 

The cross-section for e +e~ —> ZH peaks at y/s = Mz + y/2m.H and falls off as 
1/y/s as s increases. At higher energies the W+W^- fusion process e +e~ —» i/eV^H 
becomes dominant (see Fig.3). This cross section grows as In s/Myy2 as s increases 
and surpasses <r(e+e~ -+ ZH) for y/s > 0.3 TeV + ma- For m f f < 2MW the H-
signal from H —• 66 decay is two acoplanar jets and from H -* it decay is > 4 
jets. For mH > 2MW, the #-signal from H -> W+W~ or H -» Z°Z° is events 
with two acoplanar W or Z —> hadrons. Electroweak and QCD backgrounds can 
be easily suppressed**. [ An exception is mn ~ Mw or Mz where e +e~ —> e+uW~ 
or e + e - —• vVZ backgrounds dominate the signal, but these m,n can be covered by 
e +e~ —* ZH at lower y/s.] In conclusion, at e+e~ colliders it should be possible to 
observe a Higgs signals up to mjj < \y/s. 

6. Summary 

Conclusions by the these studies on the Higgs search at future colliders can be 
summarized as follows. 

• The range of TB# < (40 ~ 60) GeV can be searched from Z decays. 

• LEP II ( yfi = 200 GeV ) will cover mH < 80 GeV. 

• The heavy Higgs ( m# > 2Mw, Mz ) will be found by pp super colliders ( SSC 
or LHC ). Its upper limit will depend on mt and decay modes of Higgs. 

• It seems rather difficult to search intermediate mass Higgs by pp super colliders, 
but 6-flavor tagging technique or use of rare decay modes might be useful. 

• It is possible for e +e~ colliders to search the intermediate mass Higgs. 

After these studies my impressions are : 

• In order to cover the same mass region that can be searched by SSC, TeV+TeV 
e + e~ linear collider will be necessary. 500 GeV + 500 GeV machine is insuffi
cient for the heavy Higgs search. 

• For the search of intermediate mass Higgs, e + e~ collider with y/s ~ 400 GeV 
is suitable because the production cross section of e +e~ —> ZH is large. 

• We need a good vertex detector for the 6-flavor tagging. In the case ma < 2mt 

the Higgs mainly decays into 66. 
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• The detector should be hermetic. 

• The good energy resolution for the hadron calorimeter will be necessary to 
reconstruct H —» bb or Z —> qq decays. 

We will further start our own studies by generating events and taking into detector 
effects for the JLC studies. And the studies should be extended to the non-minimal 
Higgs case. 
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Figure Captions 

Fig.l Diagrams and branching fractions of Z-boson to Higgs decays'10! 

FIg.2 Diagrams and cross sections for Higgs production at SSC and LHC energies'10! 

Fig.3 Diagrams and cross sections for a) e+e~ —• ZH and 6) e + e - —* vvH^ 
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Higgs production via W-fusion at e+e" collider 

Y.Kurihara 
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for High Energy Physics 

The production cross section of a Higgs boson via 
W-fusion is calculated. The detection of a heavy (MH>2MW) 
Higgs boson against the backgrounds of the eeWW and the 
WWW processes is discussed. 

At the high energy e +e~ collider of which CM energy 
is greater than 400 GeV, Higgs boson production via 
W-fusion process <!) dominates over the other Higgs 
production processes'2) listed in Fig.l. Total cross 
sections of the Higgs boson production as function of the 
CM energy are shown in Fig.2. When a mass of the Higgs 
boson is heavy (Mg>2M^) , the Higgs boson predominantly 
decays into a W-pair. If We search for the Higgs boson by 
reconstructing a mass of the W-pair, main backgrounds are 
the W-pair production via a two-photon process (Fig.l.E) 
and a W-fusion process not through the Higgs state 
(Figl.F). The total cross section of the background from 
the two-photon process is an order of magnitude higher than 
that of the signal in our search region as shown in Fig.2. 

The invariant mass distribution of the W-fusion 
background has a peak at twice of a W mass'3). HOW close to 
this peak we can search for the Higgs boson is determined 
by the mass-reconstruction resolution. The invariant mass 
distribution of the W-pair from the two-photon background 
is much broader than that from the signal(4), however the 
signal is still hidden under the two-photon background as 
shown in Fig. 3. To reduce the background a cut on a 
transverse momentum (Pt) with respect to the beam axis is 
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e f f e c t i v e . The P^ of t h e Higgs bosons d i s t r i b u t e s around W 
mass (Fig .4) i f t h e CM energy i s l a r g e enough compare with 
t h e Higgs boson mass . While fo r t h e two-photon background, 
t h e Pf- of t h e W bosons i s a lmost b a l a n c e d . I t i s e s t i m a t e d 
by a rough c a l c u l a t i o n t h a t t h e background can be reduced 
a b o u t 95% when t h e c u t i s a p p l i e d on t h e P t a t 
( C M - e n e r g y ) / 4 . Moreover i f we can v e t o an e l e c t r o n 
( p o s i t r o n ) up t o a smal l ang le we can e l i m i n a t e comple te ly 
t h e two-photon backgrounds which P t i s g r e a t e r t h a n some 
s p e c i f i c va lue ( T a b l e . I ) . 
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Figure captions 
Table. I The maximum P^ when electron is vetoed at some 

angle. 
Fig.l Feynman diagrams for the Higgs productions and 

the backgrounds. Signal;(A) W-fusion,(B) Z-fusion, (C) 
bremsstrahlung, (D) two-photon process. Backgrounds; (E) 
two-photon process (F) W-fusion not though the Higgs state. 

Fig. 2 Total cross section of the Higgs productions 
and the background as function of the CM energy. The Higgs 
mass is assumed to be 300 GeV. 

Fig.3 The W-pair invariant mass distribution for the 
Higgs boson and the two-photon background. Width of the 

Higgs boson is calculated with r H=500GeV(M H/TeV) 3. 
Fig.4 The P^ distribution for the Higgs boson 

produced via W-fusion. 
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CM energy veto angle maximum P t 

400 GeV 10° 95 GeV 
5° 45 GeV 

600 GeV 10° 143 GeV 
5° 73 GeV 
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Production of Ultraheavy Bound States at e+e~ Colliders 
in TeV Regions 
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Abstract 
We study the spectroscopy of ultraheavy quarkonia which are composed of 

superheavy (4-th generation) quarks. Owing to the strong Higgs-boson exchange 
force over the gluon exchange force, the situation of the mass levels of such quarko
nia becomes drastically different from ordinary qaurkonia like cc or bb. In some 
kinematical regions, the Drell ratio for the production of such quarkonia shows a 
prominent resonance structure. 

1. Introduction 
The forthcoming e+e~ colliders in TeV regions(JLC,TLC,CLIC etc.) is very 

promising to search Higgs bosons and also ultraheavy quarks/leptons, supersym-
metric particles etc. Recently, we have pointed out an important effect of the 
Higgs-boson exchange force in ultraheavy quarkonia[l] which is summarized as fol-
lows[2]: (i) in ultraheavy quarkonia(QQ), there must be a condition for bound 
state formation via Higgs-boson exchange among the Higgs-boson mass % , the 
quark mass TTIQ, and the Fermi coupling Gp, 

G F ( T W Q m 5 ) 2 > 2 V 2 ™ „ , (1) 
m.Q +TTIQ 

and (ii) if this condition is satisfied for an ultraheavy hadron QQ, the magnitude 
of the QQ wave function at the origin becomes very large compared to the case 
with the gluon exchange alone. Thus, we have a very large enhancement of the 
production cross section of QQ states through gluon fusion in multi-TeV hadron 
colliders. [2] 

What will happen with e + e~ colliders in TeV regions? In this paper, by 
taking a two-Higgs-doublet model which is realized naturally in supersymmetric 
theories[3] or left-right symmetric theories[4], first, we investigate the spectroscopy 
of such ultraheavy quarkonia which gives us rich informations of Higgs interactions 
and then, we calculate the production cross section of such quarkonia at e + e~ 
colliders. Observation of such quarkonia will lead us to deep understanding of 
Higgs interactions which are responsible for the spontaneous symmetry breaking. 

2. Wave function at the origin 
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Let us start with the calculation of the wave function at the origin in the QQ 
system, where the binding forces are originated from the gluon exchange and Higgs-
boson exchange. (Photon exchange and other weakly interacting particle exchanges 
are neglected throughout the paper.) Here we treat such ultraheavy quarkonia QQ 
nonrelativistically and assume that Q belongs to the lighter member of a higher 
generation doublet in order to prohibit the decay to its partner in the doublet and 
the intergeneration mixing angle is so small that the single decay of Q is suppressed. 

A two-Higgs-doublet model has two neutral scalars JEfi and H2, one neutral 
pseudoscalar and two charged Higgs bosons. Here we are concerned with the neutral 
Higgs bosons whose interactions with the "up"-quark J7(charge 2/3, mass mu) and 
the "down"-quark .D(charge —1/3, mass mo) are given as [5] 

L-mt = ( — ) cos £ • DDH! + ( ^ ) sin £ • UUHj. 
VD vv 

- ( ^ ) s i n £ • DDH2 + ( ^ ) c o s £ • UVH2, 
VD VU 

where £ is an unknown mixing angle between H\ and H2. VQ and v\j ( ( U J J + U 2 / ) 1 / 2 = 

v ~ 246GeV) are the vacuum expectation values of unmixed Higgs fields coupled 
to D and U, respectively. Here, for simplicity, we assume £ = 0 together with very 
large m,H2 and neglect the effect of the H2 exchange. Furthermore, we ignore the 
contribution of a pseudoscalar and two charged Higgs interactions. A coupling of 
a neutral Higgs boson, say .Hi, to an ultraheavy quark, say D, is enhanced by a 
factor (V/VD) = (1 + C 2 ) 1 / 2 over the case of the minimal model with single Higgs 
doublet. 

We assume that the nonrelativistic potential in this system is given effectively 
by the vector Coulomb plus scalar Higgs-boson exchange in the lowest order ap
proximation, 

y( r) = -£*5i(l + C^(-mHr) _ 4 «3(m|) ̂  
2v2fl" r 3 r 

where aa is given as <xa = 12ir/((33 - 2JV/)ln(m 2

3/A 2)) with Nf = 6 and A = 
0.12GeV. For simplicity, we neglect the linear confining potential of QCD because in 
the ultraheavy system the short range potential plays an essential role and the long 
range part does not have a meaningful effect at the origin. The calculated results are 
shown in Fig.l, where the ratio of the wave function at the origin, | * (0 ) | 2 / | * 5 (0 ) | 2 

versus TTIQ are presented for various values of £ and for mjj = 50GeV. \t g(0) 
denotes the wave function due to the gluon exchange alone. As is seen in Fig.l, 
the heavier the quark is and also the larger the £ is, the more important the Higgs-
boson exchange is. Of course, an extremely heavy quark with very large £ will 
break down the justifiability of the nonrelativistic approximation because of the 
superstrong Higgs-boson exchange forces. Note that the unitarity bound for quark 
masses is given as rriQ < 
present model. However, in appropriate regions of mq, m j , and C» we have a 
room in which the nonrelativistic treatment is justified and at the same time the 
Higgs-boson exchange effect is largely dominated over the gluon exchange. 
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3. Mass levels of QQ 
If the Higgs-boson exchange force is dominant in the QQ system, the spec

troscopy will become drastically different from ordinary quarkonia like cc and 66. 
To see what happens to the present QQ system, we calculate the fine and hyper-
fine splitting. The quark mass dependence of the calculated hyperfine splitting, 
A = M( 3 5 i ) - MQ-So), is presented in Fig.2. The hyperfine splitting due to the 
gluon exchange alone, A g = M(3Si) — M^SQ), is also given in the same figure. 
As shown in Fig.2, hyperfine splittings become significantly large with increasing 
TTIQ, where the contribution of Higgs-boson exchange becomes increasingly impor
tant. This result looks suspicious at first sight since the Higgs-boson exchange 
force is scalar and it is expected that the scalar exchange force must not gener
ate the hyperfine interactions. However, this expectation is not correct because of 
the existence of the gluon exchange term in addition to the Higgs-boson exchange. 
The exponential damping factor with distance in the Yukawa potential due to the 
Higgs-boson exchange pulls in the wave function near the origin very strongly and 
increases the wave function at the origin. A largely enhanced wave function at 
the origin leads to the significantly large hyperfine splitting through the spin-spin 
interaction term originated from the gluon exchange. 

Next, we calculate the ratio of the fine splitting, R = (M(3P2) — M( 3 Pi)) 
/ (M( 3 Pi ) - M( 3 P 0 ) ) , which is shown in Fig.3. We find a very different behaviour 
of R from the case of cc and 66. (1) As expected from the Lorentz property of 
the Higgs-boson(scalar) exchange, R approaches to 2 as mo. increases and the 
Higgs-boson exchange comes to dominate over the gluon(vector) exchange. (Note 
that a pure Coulomb potential due to the gluon exchange alone leads to R = 
1/2.) (2) There is a level crossing point of 3Pi, 3 P i , and 3Po states at some 
value of m.Q. Above this point, the order of these P states is overturned; the 
highest is 3Po, the next 3 P j , and the lowest 3P2- (3) The fine splitting of P states 
becomes much smaller than the hyperfine splitting of S states. The reason is as 
follows. The spin-orbit interaction which is responsible for the fine splitting of P 
states, comes from the expectation •value(divided by TTIQ) of the derivative of the 
potential. The numerator depends on the whole behaviour of the wave function 
and does not change drastically with TTIQ. Thus, the fine splitting is essentially 
proportional to ITOQ2 and becomes very small for very large mq. On the other 
hand, the spin-spin interaction which is responsible for the hyperfine splitting of 
S states, is proportional to |<l>(0)|2/mQ- The magnitude of the wave function at 
the origin increases rapidly as IRQ increases and the numerator becomes much 
larger than the denominator for large TTIQ. As a typical example, we calculate the 
mass levels of the 15, 2S and I P states for £ = 2, mQ = 200GeV and mH = 
50GeV(Fig.4). 

4. Production cross section of QQ at e + e~ colliders 
So far, we have no evidence of ultraheavy quarkonia QQ and thus we do 

not have any information about the physical parameters. However, since the to
tal decay width of Q Q ( 1 ~ ) is estimated as Ttot{QQ) a 0.00997(0.00990)GeV 
for UU(DD) with mQ = 200GeV and for C = 2 a n d m H = 50GeV, which is 
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significantly smaller than the binding energy EQ ~ 2.8GeV for both UU and 
DD, it is expected that these quarkonia QQ(1 ) will be detected in the Drell 
ratio distributions. As a typical example, we have calculated the Drell ratio 
for the case of £ = 2,mQ=200GeV and mji=50GeV. The calculated results are 
presented in Fig.5, where the following background processes are taken into ac
count; e+e- -> W+W-,Z0Za,HZ°,ll,qq,LL,QQ (I = e,n,T,ue,ull,vTBndq = 
u,d,s,c, b,t). Fig.5 tells us that we will have a chance to find an ultraheavy 
quarkonium QQ(l ) through the resonance formation and its subsequent decay 
QQ(1 ) -* W+W~ with characteristic event topology at e + e _ colliders. 

If we observe such a resonance structure in the forthcoming e + e _ collider 
experiment, we are to open the very interesting physics of the ultraheavy quarkonia 
QQ which are largely dominated by the Higgs-boson exchange. 
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Figure captions 
Fig. 1 Quark mass dependence of the wave function at the origin divided 

by the one due to the gluon exchange alone for ran = 50GeV and 
various £. 

Fig. 2 Quark mass dependence of the hyperfine splitting, A = M( 3 Si ) — 
M^So), for the case of mu = 10,50 and lOOGeV and C = 2. A s 

represents the one due to the gluon exchange alone. 
Fig. 3 Quark mass dependence of the ratio of the fine splitting, R = (M( 3P2) 

- M ( 3 P i ) ) / (M( 3 Pj) - M( 3 P 0 ) ) , for the case of mH = 50GeV and 
C = 2. 

Fig. 4 Mass levels of IS , 2S and I P states for the case of mQ = 200GeV, 
mH = 50GeV and C =_2-

Fig. 5 Drell ratio R = (a(QQ(l~)) + <TBG)/<r(e+e~ -» fi+/i~) versus -y/s 
for the case of £ = 2, mQ = 200GeV and mH = 50GeV, where aBa 
denotes background cross sections(see text). 
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ABSTRACT 
Heavy fermion-loop effects in the ZZH, WWH and ffH cou

plings are discussed in the framework of the standard electroweak 
theory. Explicit formulas of these effects using a"*, G^p and M^* 
as input data are presented, and compared with those given previ
ously by other authors. 

In the standard electroweak theory, the Higgs sector is now the only part which 
has been so far insufficiently understood. Recently, it has been shown that we 
have to take account of radiative corrections to describe various experimental data 
consistently[l,2]. Experimental verification of the electroweak higher order effects 
may be regarded as a very strong support to the Higgs sector since the theory cannot 
be renormalizable without this sector. 

It will be, however, inevitable to catch the Higgs boson directly in experiments 
(or to understand the Higgs mechanism more properly) for the final establishment 
of the electroweak theory as a consistent quantum field theory. Therefore, it is 
significant to examine various Higgs production or decay processes for future exper
imental studies. In this report, I wish to show my recent calculations on the heavy 
fermion corrections to the ZZH, WWH and ffH couplings[3]. Such calculations 
are important not only for studies of the Higgs boson but also for unknown heavy 
fermion searches. 
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First I should explain why I have studied this problem since similar calculations 
have already been done about ten years ago[4]. To put it concretely, I show the 
formulas given in [4] on the ZZH and WWH couplings (coefficients of gap) and 
the ffH coupling corrected for an SU(2) doublet whose masses are mi and m?: 

A ^ = ^ [ 1 - ^ { - 2 M f l » = | + 5 ( m f + r a | ) } ] , ( 2 ) 

where £ is the color factor (=1 for leptons and =3 for quarks) and g is the SU(2) 
coupling constant. Concerning them, what I want to point out is as follows: 

{( Suppose the top quark is very heavy, say about 250 GeV. In this case, the 
second term of Eq.(l) is 

2 ^ ' " ' -

However, we must not conclude that the heavy top quark correction to X%ZH is 

1.16637 x 10~5 

y/2ir* 
- (250) 2 ~ - 5 % . 

If we could determine the value of g directly like a and various masses, the above 
computation would be correct. Actually, however, we have to determine it (and also 
cos 0w before very precise measurements of Mw,z) order by order in perturbation. If 
we use g, cos Oyp and the physical Mz as the independent parameters (the fermion 
and Higgs masses are always taken as the remaining two parameters) and take 
««*(= 1/137.036), G^p(= 1.16637x 10~5 G e V - 2 ) and another quantity, e.g., M%* 
as input information, those processes are expressed as 

f «<<%, cos0 W , M ~ p ) = a«F, ^ f g = «,«», 
\ G{°\g, cos 9W, M^) = G^, \ c o s 6 W = cos « j ° \ 

|1 This value is a little bit larger than the present upper bound obtained in [1,5]. This is, 
however, only an example, so I use this value for simplicity. 
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at tree level, and 

f aW{g, cos $w, M%>) = <*"*, ^ \g = g™, 
\ G{p(g, cos 6W, M^) = Op, = ^ \ cos 0W = cos 6W\ ( 4 } 

at one-loop level and so on. In this case, XZZH must be calculated not as 

g^Mj* r , e G%p 

but as 

cos0$ L 6v2ir2 J 

g^M?" r A A C^ 1 + 4 , - ^ o s , w - ^ M + ™ ! ) j , ( 5 ) 

where Ag = foW - </ (0 ))/«7 (0 ) and AcosBw = (cos0# - cos0$) /cos0$ . )> 

I have treated here only the ZZH coupling, but the situation is the same also for 
XWWB and XJJH- That is why I have revisited this problem. What I have calculated 
in [3] are the formulas which include the above Ag and Acos6w terms explicitly. 
I have taken the on-mass-shell renormalization scheme [6] and a, Mw, Mz, mj 
and mjj as independent parameters. Concerning the input data to determine the 
numerical values of the parameters, aexp, G^ and M | x p (and rtif, mg) have been 
taken as in the above example since this set is now the best one. 

For our purpose we need to evaluate 1) fermion-loop corrections to the ZZH and 
WWH couplings (the ffH coupling does not receive such corrections), 2) fermion-
loop contributions to the counterterms for these couplings, and 3) Mw corrected by 
fermion-loops. Since their explicit calculations are given in [3], I show here only the 
final results: The corrected ZZH, WWH and ffH couplings are 

g^Mfl IGTcS, , 2 x m\m\ . mx\ 1 

w - /on? f. - m ^ti;\H+-D 
w L *V2K2 112(2 cos2 0W> - 1) 
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4cos 2 f l ff i - l m}m\ m^ 1 

n<°> 
A f f H = J-

4v / 2ir 2 U2 v * z / mj -m?, m 2 J j ' (8) 

where I have used cosfl^ = M^/M^ and ^°) = e^/smO^ for comparison 
with Eqs.(l)~(3). 

Some cancellation takes place in )if/H> a n o " consequently \ffjj is equal to Eq.(3), 
while XZZH a n d ^WWH a r e difFerent from Eqs.(l) and (2). This does not mean that 
Eqs.(l) and (2) are incorrect, but means that the formulas derived in the above 
include all the necessary information for actual numerical computations explicitly 
while in Eqs.(l) and (2) such information hides in g, cosOyy and Myy- It is also 
interesting to note that in the limit mi —» mi, Eqs.(6) and (7) become equal to 
Eqs.(l) and (2) since several terms cancel out to each other in this Umit (e.g., 
AMw = Myy' — Myy vanishes [7] ). On the other hand, in the opposite limit 
mi ^> 7712 our results become 

g^Mfp r 5£G' x p , i 

"W 

iG^ 4 cos2 0$-5 

Concerning the ZZH coupling, for example, \ 2

Z Z B is found to receive about —3% 
correction if mt = 250 GeV. This should be compared —5% which comes from the 
misuse of Eq.(l) as mentioned already. 

In conclusion, I have shown here the explicit formulas of the ZZH, WWH and 
ffH couplings corrected for heavy fermions, taking a"*, G^ and M^ as input 
data. I believe our formulas are more practical than those given in [4,8] in actual 
analyses, especially for a fermion doublet whose mass difference is large. 
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Abstract 

According to the recent study, the top quark mass is predicted to be in 
the range between the mass of W boson and 200 GeV. Since the top quark 
in this mass range can decay directly into a real W boson and a b quark, 
the toponium resonance may not be observed when produced in JLC. The 
methods to determine the top quark mass without using the resonance peak 
were studied in this article. 

1 Introduction 
The mass of the top quark is the most enthusiastic topic in the current high energy 
physics world. All the previous attempts to search for the top quark failed and 
they set the lower limits to the mass. These limits are summarized in table 1[1]. 
As seen from the table, the highest mass limit was set at 78.0 GeV by the CDF 
collaboration. Meanwhile, the indirect informations on the top quark mass were 
given by the muon lifetime experiment[2] and the measurement of the radiative 
correction factor Ar. The former set the upper mass limit at 200 GeV while the 
latter predicts the top mass in the range from 100 GeV to 150 GeV. Summarizing 
these informations, the top quark should exist in the mass range between the W 
boson mass and 200 GeV[3]. This mass range is beyond the reach of LEP II and 
may be a good target of the proposed JLC phase I. 

The top quarks in this mass range produced in e +e~ collisions at JLC have 
several characteristics. The most significant one is that the top quark can decay 
directly into a real W boson and a b quark. This means that the toponium state 

— 210 — 



may not be observed1. Therefore, we cannot determine the mass of the top quark 
from the resonance peak of the toponium. 

In this article, I discuss the possible ways to determine the top quark mass 
under this circumstance. 

2 Strategy of study 
To make this study realistic, the following conditions were assumed: 

• v ^ = 400 GeV 

• 2000 hadronic events were obtained. 

• 120 GeV < mt < 180 GeV 

The first assumption corresponds to the proposed energy of the JLC Phase I. The 
second assumption is the number of hadronic events which can be obtained in first 
1-2 months with the proposed luminosity. The top quark mass was varied in the 
range above in this study. 

The events initiated by top quarks produced in the e +e~ annihilations were 
generated using the Lund Monte Carlo (JETSET6.3)[4]. Then a rough event se
lection was applied on the generated events. The selection criteria included the 
effect of detector acceptance and the hadronic event selection. Invisible parti
cle tracks like neutrinos were discarded in the selection. The events passed this 
selection were used in the analysis. 

3 Studied Quantities 
To determine the mass of top quark, quantities in two different categories were 
studied. The quantities in the first category were the larger and smaller hemi
sphere masses. The sphericity axis was calculated for each event and the event 
was divided into two hemispheres with respect to the sphericity axis. The in
variant mass of tracks in each hemisphere was defined as the hemisphere mass. 

'The top quark mass where the toponium becomes unobservable depends on the potential 
model. However, when the top is heavier than 130GeV, the toponium cannot be observed in 
most of the potential models. 
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This quantity is expected to be sensitive to the top quark mass when the mass is 
relatively smaller than the beam energy. 

As for top quarks with the mass close to the beam energy, however, the decay 
products distribute spherically and the hemisphere mass cannot be defined. In 
this case, the sphericity and the aplanarity were used[5]. Since these quantities 
represent how spherical the event is, they are sensitive to the top quark mass near 
the beam energy. 

Fig. 1 shows the distributions of larger and smaller hemisphere masses plotted 
for various top quark masses. As seen, a clear mass peak can be observed in the 
smaller hemisphere mass distribution for light top quarks. However, for heavier 
top quarks, the hemisphere mass has little sensitivity to the top mass. 

Also shown in Fig. 2 are the sphericity and aplanarity distributions for various 
top quark masses. These distributions are seen to be sensitive to the mass near 
the beam energy. 

4 Determination of the mass 
The mass determination was done by comparing the distributions of quantities 
described above calculated for the event sample (2000 events assumed) with the 
prediction made using 10000 Monte Carlo events. The comparison was based on 
the x2 method. The region used in the calculation of x 2 f ° r e a c n quantity is 
summarized in table 2. 

Fig. 3 and 4 show the x 2 a a a function of the assumed top quark mass in the 
prediction. Each figure contains three cases where the mass of the top quark in 
the event sample isl20, 150 and 180 GeV. Fig. 3 shows the x 2 variations in the 
larger and smaller hemisphere masses. The x 2 has a steep dip at the top quark 
mass of the data sample when the mass is 120 GeV, however, the variation in the 
X2 is small for heavier top quarks. Shown in fig. 4 are the x 2 variations in the 
sphericity and aplanarity. As seen, the x 2 variation in these quantities for heavy 
top quarks is still large. 

The resolution of the mass determination was estimated from the mass value 
where the x 2 increases by 1 from the minimum. The results are shown in table 3. 
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5 Conclusion 
I studied possible ways to determine the mass of top quarks produced in e +e~ col
lisions at i/s =• 400GeV without using the toponium resonance. The hemisphere 
masses (larger and smaller) and the event shape parameters (the sphericity and 
the aplanarity) were studied as a function of the top quark mass. The mass de
termination was done by fitting these predicted distributions to those of the data 
sample. The resolution of the determination was estimated to be within 5 GeV 
for the data sample of 2000 events. 
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Table 1: lower limits to the top quark mass 
Group 

TRISTAN 
Markll/SLC 

UAl 
UA2 
CDF 

Mass Limit (GeV) 

> 3 0 
>37.5 
> 6 9 
> 6 7 
> 7 8 

Table 2: range used in the calculation of x 
Quantity Range 

Hemisphere mass 
Sphericity 
Aplanarity 

> 80GeV 
>0 .3 
>0 .1 

Table 3= resolution of mass determine ition 
top quark mass (GeV) used quantity resolution (GeV) 

120 
150 
180 

Smaller hemisphere mass 
Sphericity 
Sphericity 

3.7 
4.5 
5.2 
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A.Shirahashi, KEK 

Presented at 1st JLC Workshop 

Abstract 

Forth generation sequential lepton search at ITeV e +e~ linear collider is studied 
using simple Monte Cairo simulation. The mass of the heavy lepton is set to 
250GeV and the associated neutrino is assumed to be massless. It is found that 
the reconstruction of W bosons is very useful to reject qq backgrounds and the 
existence of the new heavy lepton can be confirmed with \pb~l data. 

1 Introduction 

The recent nutrino counting experiments at SLC and LEP report that the number 
of generations is close to 3. However the search for the forth generation heavy 
lepton still remains as the major thema for higher enery accelarators. 

I concentraed the study on the simplest case. The CM energy of the linear 
e +e~ collider is set to 1 TeV. The masses of the heavy lepton and the associated 
neutrino are 250 GeV and 0 respectively. The heavy lepton can be decayed into 
the lighter lepton and neutrino or the quark and anti-quark via real W boson. I 
study only the case that the both heavy leptons decay hadronically. The effect of 
top quarks should be taken into account. I assume the mass of the top quark is 
100 GeV. 

2 Monte Carlo Simulation 

First the heavy lepton pair is generated according to their angular distribution, 
taking the effect of initial state radition into account. Then they are forced to 
decay into the associated neutrino and the real W boson. The W boson decays 
into the pair of lighter quark and anti-quark, which are hadronized using the 
standard Lund string fragmentaion model. 

I do not use the full detector simulation, instead the generated four vectors of 
final state particles are smeared assuming the ideal detector with the following 
specification: 

• Acceptance: |cos0[ < 0.87 
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• Momentum Resolution: APT/PT = \J(1%PT)2 + (1%)2 

• Energy Resolution: AE/E = 10%/y/E 

The charged particles with the momentum less than 100 MeV and the neutral 
particles with the energy less than 50 Mev are discarded. 

I consider two backgroud sources, W pair and quark anti-quark pair. W 
pair event samples are generated by the Monte Cairo program developped by 
Dr.A.Miyamoto (appeared in this proceedings). Only the decay mode in which 
both W decay hadrically is taken into account becase other decay modes cannot 
be major backgrouds. For quark pair production, standard Lund 6.3 is used with 
the string fragmentaion. 

3 Event Selection 

The strategy for hunting heavy leptons is similar to the case for the lower energies, 
that is to search for the acoplanar two jets. 

First the pre-selection is done by applying the following criteria. 

• Etotal > 20QGeV 

• \COSOTHBUSI\ < 0.8 

W+W~ backgroud events are greatly reduced by these cuts because of their 
angular distribution. Then the event is boosted back to balane the momentum 
along the thrust axis. All the charged tracks and neutral clusters are divided into 
two hemisphers perpendicular to the thrust axis. Jet mass for all the particles in 
each hemispher is calculated and the both jet masses are required to be between 
72 GeV and 92 GeV. The jet mass distributions for L+L~ and q+q~ are shown 
in Figure 1 and 2. This cut requires that both jets originate from W bosons and 
thus greatly recuce the qq backgroud. 

The fianl cut is applied on the acoplanar angle between the vector sums of 
all the momentum in two hemisphers. The heavy lepton events survive this cut 
because the associated neutrinos carry large missing Px- Figure 3 and 4 shows 
the acoplanar angle distributions for L+L~ and W+W~ envets. The acoplanar 
angle is required to be greater than 20°. This cut is more loose compared with 
the case for TRISTAN energy (typically 40°), because of small qq background. 

— 220 — 



4 Conclusion 

Table 1 shows the number of heavy lepton, W pair and quark pair produced for 
l p 6 - 1 data and the number of events which survice the cuts above mentioned. To 
calculate the cross section, the effect of beamstrahrung is taken into account. 

As seen from the table, the applied criteria is almost free from backgrouds 
and the signature for heavy lepton production can be easily detected with Ipb-1 

data. Of cource, more detailed study using relalictic detector simulator should be 
perfomed both for the signature and possible backgrouds. 

L+L- w+w- qq 
events 

produced 
for lpb'1 

101 3570 1150 

events 
after 

the cuts 
12 0 0 

Table 1. The number of events for Ipb * data 
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at High Energy e+e" Collider 
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KEK, National Laboratory for High Energy Physics, 
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abstract 

Effects of a new neutral gage boson 71 on cross section, forward-
backward asymmetry and polarization asymmetry of e +e~ reactions at 
TeV energy region has been studied. It is shown that dramatic effects 
can be expected if the mass (MzO is less than the cm. energy (Ecm)-
Also shown is that even if M^ is well above ECm» the searchable energy 
region can be pushed up by the asymmetry measurements to a few 
times E c m . In particular, polarized beam is shown to be a powerful 
and indispensable tool for new physics. 

D Introduction 

Unification of forces in nature and clarification of the symmetry 
breaking mechanism is the basic problem in particle physics. 
According to recent theoretical speculations, the superstring inspired 
Eg models [1] are promising candidates beyond the standard model 
(SM) to give an answer to the problem and they predict extra Z bosons 
(Z'). In this paper effects of Z' are studied on the physics observables 
such as cross section (cr), forward-backward asymmetry (AFB) and 
polarization asymmetry (Apol) of fermion-pair productions measured 
in high energy e + e" collider at TeV energy region. 

Before going to describe the present study, let's have a quick look 
at the searchable energy region for 71 at the present and future high 
energy colliders [2]. In hadron colliders 71 could be searched for by 
lepton pairs. For a given theoretical model, a ratio of a product of 
production cross section times leptonic branching ratio of 71 to that of 
the conventional Z° is calculated. If an experimental limit on the ratio 
is given, the upper limit on Mz1 is evaluated. Limits on Mz1 for various 
models of Eg are formulated [3] as a function of experimental limits 
obtained by hadron colliders with designed energy and luminosity. To 
make a simple estimation I took an average of various Eg models and 
present the limits in Fig.l. It is shown that 71 with the mass up to 
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nearly 600 GeV will be surveyed by TEVATRON and SppS within five 
years from now. After that Mz" of nearly 5TeV will be searched for by 
UNK and LHC and the energy region will be further pushed up to 8 
TeV by the proposed SSC. 

There is a simple question coming up to my mind. Is e+e~ collider 
with E Cm of ITeV after several years behind UNK, LHC and SSC 
competitive with them or even effective enough to new physics? The 
answer to this question is yes! The present study has been done to 
make clear this point. 

II) Physics observables and the formulae 

Let me begin with a brief estimation of the number of events 
through one-photon annihilation produced by an e+e" collider with 
E c m of ITeV and the luminosity of 10 3 3cm" 2sec" 1. A simple calculation 
of the cross section of e+e" -» H+H~ (=86.8fb) times integrated 
luminosity obtained by one-year operation (10 7 sec) gives approximately 
1000 ii+n~ events. This means that statistical error for the cross 
sections and asymmetries of fermion pair production of better than 2% 
will be achieved in a few years. In the following, a, Apg and Ap 0i are 
estimated for e + e" -» n+H~, tt and bb at Ecm=0.5, 1 and 2 TeV with 
conventional Z°and 71 of T|, Xf and % coupling with Mz= 0.5 - 8.0 TeV. 
Here, t and b means top and bottom quarks with their masses 
neglected for simplicity. 

Cross section of the fermion-pair production e+e~ -*ff (f# e~ ,ve) 
is expressed as [4], 

S i f = te Kl-^Xl+F^a+cose)21Au 12+(l-cos0)21AM12] 
+(l+p-)(l-P+)[(l+cos0)21 ABB ' 2+(l-cos6)21ARL12]], 

where P (P + ) is the helicity of incident e - (e +) and Ay's (ij=Lfi) 
are production amplitudes with i'th and j ' th helicity of e~ and f, 
respectively, and expressed as 

A- QQ+ ^ l f • **** V *e f s-M2

zl+iMzlrZJ s-M^iMz^zz ' 

where Q e and Q^are electric charge andg c

a {-'s and g ^ ' s (a=l ,2) 
are coupling constants of Zi and Z2 to the electron and fermicn with 
i'th helicity [5]. The neutral gauge bosons, Zi and Z2, mixes with small 
mixing angle to appear as Z° and Z'. For simplicity, I neglected the 
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mixing and use the coupling constants given in the typical case (Z'=Zr|, 
Z\|f and Zg) of the Eg model. 

Forward-backward asymmetry for unpolarized beam is given by 
. gcosa>QrPco8fl<0 

ffcosa>0+^cos9<0 
3 IA £ L l 2 -IA L B l 2 -IA B L l 2 -HA f l f l l 2 

"4 lA^^+IAue^+U^I^ IA^I 2 ' 

Polarization asymmetry Ap0i is defined by the difference of the 
cross sections 0£ and <7R of 100% left- and right-handed e~ beam, 
respectively, with unpolarized e + beam, 

A r aa 
IA L t l 2 +IA L R l 2 -IA f l L l 2 -IA f l B l 2 

" I A ^ I ^ I A ^ I ^ I A ^ I ^ I A B R I 2 ' 

In case of arbitrary polarization, the asymmetry is expressed as 
P+-p-
l-p+p- * 

= -P'Ap0i (for unpol. e + beam). 

ApoliP+,n=£^APol 

m ) Resul ts 

With the preceding equations, a, Ape a*1*! Ap 0i are calculated in 
the first place for conventional Z° with Mz=91.1 GeV, T z=2.5 GeV and 
sin20w=O.231. The results are shown in Fig.2 as a function of the E c m 

up to 1 TeV. 
The same quantities are shown in Fig.3 for Z° plus Zn with 

MZT|=500 GeV. Dramatic effects on all observables occurs at E c m 

around Mz^ and the effects are still sizable at E^nsl TeV. 
The same calculation for the case of Mz^=2 TeV is shown in Fig.4. 

The deviation from SM is small at E c m = l TeV. La Fig.5, the difference 
of the cross section (AC) from the SM is shown. At ECm=l TeV, AO/a is 
a few % in quark-pair production and at most 5% in e+em->n+/x.~ 
Considering the statistical error of 2% plus systematic error of a few 
percent, it will be hard to see the effect of Z' on O if it exists around a 
few TeV region. 

Figure 6 shows the deviation of asymmetries (AApg and AA p oi) 
from SM at Ecm=l TeV with M Z T , between 1 and 5 TeV. Contrary to the 
cross sections, they can be measured more precisely because of the 
cancelation of the systematic error in the first order. If they can be 



measured within an error of ±0.02, Ape of 66 and A p o i offi+fr and it 
are sensitive enough to Z' heavier than 2 TeV. The same study for the 
case of E c m =500 GeV and 2 TeV is shown in Figs.7 and 8. It can be 
said that the observables measured at E c m =500 GeV are insensitive to 
Z' in TeV region, while at E c m = 2 TeV, some of them are sensitive to 71 
well above 4 TeV. 

The study for Z\|/ and Z% case at E c m = l TeV has also been done 
and the searchable energy regions are summarized in Fig.9. Though 
depending on the model, the region extends to 3 TeV. The energy 
region obtained with ECm=2 TeV collider is shown in Fig.10. It is found 
that the searchable region is almost two times higher than that with 
E C m=l TeV collider. 

It should be noted that in several cases, higher sensitivity will be 
attained by A p o i than A F B . If polarized beam of P=100% and 
polarization measurement with AP/P= ±0.01 is realizable [6], more 
precise value of Ap 0j can be obtained and the energy region can be 
further pushed up. In Fig.ll the searchable region is shown at Ecm=l 
TeV with ±0.01 accuracy of A p o l as well as AFB. In this case the region 
extends up to 5 TeV and is effectively equal to more than 30% increase 
of ECm- This level of sensitivity as well as the cleanliness of the signal 
with small backgrounds will make e+e" collider highly competitive 
with the proposed hadron colliders. 

IV) Conclusion 

1) The cm. energy of future e+e~ collider should be at least 1 TeV to 
be competitive with forthcoming hadron colliders. 

2) If M z ' is less than E c m , dramatic effects will be observed in a, A F B 

and Ap 0 i and precise study of new gauge boson will be easily done by 
sitting on the Z' pole. 

3) If M z ' is greater than E c m , the searchable region by e+e" collider 
extends up to a few times E c m by precise measurements of AFB and 
Apol. In particular, measurement of Apol is essential not only to 
extends the searchable energy region but to measure another 
important physics observable of the new gauge boson. Polarized beam 
with high polarity and precisely measured polarization is a powerful 
tool for new physics. 

4) However, in case the machine energy does not reach the new 
boson, ApB and Ap 0i are indirect measurements of Z', and again, it 
should be emphasized that the machine energy must be set as high as 
possible. 
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Figure captions 
Fig.l Energy region for Z' search by e+e" and hadron colliders. 

Fig.2 (a) Cross sections (in R unit), (b) forward-backward and (c) 
polarization asymmetries for e+e" -*fi+yT (solid), uu+cc+it (dashed) 
and dd+ss+bB (dotted) predicted by the standard model for E c m up to 1 
TeV. 

Fig.3 The same as Fig.2 except for Z° plus Zn with M Z T , =500 GeV. 

Fig.4 The same as Fig.2 except for Z° plus Zn with MZ l )=2 TeV. 

Fig.5 Deviation of the cross sections of e + e - ->/x+/T (solid), uu+cc+ii 
(dashed) and dd+ss+bb (dotted) from the standard model with MZ l 1= 2 
TeV. 

Fig.6 Deviation from the standard model of (a) AFB and (b) A p o i of 
e+e~->ff measured at Ecm=l TeV for MZ t,= 1.0 - 5.0 TeV. 

Fig.7 The same as Fig.6 but ECm= 500 GeV. 

Fig.8 The same as Fig.6 but E c m = 2.0 TeV and MZ l l= 2.0 - 8.0 TeV. 

Fig.9 Sensitive region to MZ- of Zr\, Zy and Z% attained by (a) AFB and 
(b) Apol of e+e--*ff at E c ^ l TeV with an accuracy of ±0.02. 

Fig.10 The same as Fig.9 but with Ecm=2 TeV. Note the horizontal 
scale of Mz-. 

Fig.ll The same as Fig.9 but with an accuracy of ±0.01. 
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Energy region for Z' of ee /pp colliders 

> 
O, 

U 
Q) 
PI 
ID 

CD 

5 
o 
CD 

«M 
W 

10* r-

10 

1 0 2 

,3 _ 

10 l 

~i i ~™\ r "*i p "i r* ' i 

0) 
to 
V ^ : 
P.-

LHQ. 

UNK .•••• 

SSC 

TEVATRON: 

SppS -LEPH 

SLC/1EPI 

PETRA [TRISTAN 

-PEP 

JLC 

_ i — i i i t_ - i i i i 
1985 1990 1995 2000 2005 

YEAR 

Figure 1 

. Cross Section of e + e - Annhilation 

Eon (GeV) 

P—B Asymmetry in ee—>ff 
' • I ' ' ' ' I I ' • • • i • • 

Vx-Bl . i l GaV 
I * - 2 £ G s V 
xiaVa-02312 

I 

(b) 

Ecm (GeV) 

Figure 2 
Polarization Asymmetry in ee—>tt 

T ^ 

u^ 
-OB — *-

ZO ONLY 
•olid; ( i T 
duhed: u,e.t 
dolttd; d.m,b 

(0 

. L i • • • I • 
200 « » 

Ecm (GeV) 
•00 1000 

— 229 — 

http://Vx-Bl.il


Cross Section of e+e— Annhilation 

Ut'-SOO GeV 
Eta coupling 

HE-ILI (Mr ~! 

(a) 

Gem (GeV) 

Figure 3 

J 

ft* 

F - S Asymmetry in ee->ff 

ft* 

• • i • • • • i • • • • i • - • • I • • 

, 

r* .-••"" 
CLO s '?' / -

-OS i 
• lli'-BOO CaV 

OsahaJ; * * , l Kl-fLJl GaT 
fatlaa: ta> Ik -M CaV 

•taVv-CUOlt 

. 
. 

. 
1 

. 
. 

. 

' . . . . i . . . . i . . . . i . . . . i . . , ' 

(b) 

Eon (GeV) 

Polarization Asymmetry in ee—>ff 

'Jl '• 

OJ. - f _,, f"~---/\ 1 
: 

2 >u> \ < \ 
\ 

'/: 1U'*300 GeV • 

\ y : Eta coupU . - O S •cMi^T \ J - Ui- l l . l l O-T — «Mb*l;«Al * V : m-uc«T • 

dallad:«*.l» l*. ; •bA.-Ovia.t • 
. . 1 . . . . 1 . V . 1 I . . • 

(0 

Ecm (GeV) 
BOO 1000 

Cross Section of e-l-e— Annhilation 
• I ' ' ' • I • ' 
Uz'-Z TeV 
Et& coupling 

T 

6 quarks 
an-iLicaf 
Ik-UCaT 
«bAa»0J31 

- i_L 

Ecm (GeV) 

Figure 4 

(a) 

F-B Asymmetry in ee->if 
T 

l t»'-2 TeV 
Eta. caupL 

H l - S U l OaV 
H - U w r T 
•JaSv^lLZaiE 

J - . • I - • • 

(b) 

Ecm (GeV) 

Polarization Asymmetry in ee->ff 

E 041 
-a. 

• • ; ' : : 
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COMMENTS ON AN EXTRA Z BOSON IN E6 

MODEL 

Makoto Sakuda 
KEK, Tsukuba, 305 Japan 

1. INTRODUCTION 

In this report, I give a brief comment on the extra Z bosons in extra U(l) 
models expected from E6 grand unified theory [1]. The emphasis is on the 
effect of extra Z bosons in e+e~ annihilation at TRISTAN energy region. In 
Section 1, the present limits on the extra Z bosons are reviewed. In Section 2, 
I show the effect of the extra Z boson in typical pocesses in e+e~ annihilation. 
In Section 3, the mass limits on the extra Z boson from pp collider are discussed. 

2. PRESENT LIMITS ON EXTRA Z BOSONS IN E6 MODEL 

The present limits on the extra Z bosons were set either by the analysis of 
the low-energy neutral-current experiments [2,3] or by the direct searches at the 
CERN pp collider [4,5]. 

Recently, Hagiwara, Najima, Sakuda and Terunuma[6] studied the mass lim
its on the extra Z bosons using the most recent e + e~ annihilation data. They 
indicated that the total leptonic cross sections (ii,,^, RTT) are somewhat lower 
than the standard model prediction at y/s ~ 40 GeV and the total hadronic 
cross section (R) is somewhat higher at the TRISTAN energy region. They 
found that these features can be explained by introducing an extra Z boson of 
the mass around 200 GeV which has an appreciable vector coupling to charged 
leptons and down-type quarks. The limits obtained by Amaldi et al. [2] and 
Hagiwara et al.[6] are shown in Fig. 1. Upper mass limits given by Ref. 4 are 
marginal in a sense that they disapear at 2.7 standard deviations. The existence 
of the upper mass limits which disapper at the 3o" level means that the data 
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(•RJI/JI RTT and R) show a deviation from the standard model prediction at the 
same confidence level. In fact, Ru is lower than 1 by the la level at y/s ~ 40 
GeV, i.e. 0.98 ± 0.01. 

The total rate RJJ for the process e+e~ —» / / and its forward-backward 
asymmetry Aff are expressed in terms of the standard model as 

R„ = l+ 2gv9vX + ((9evf + (gtfWv)2 + {9}AT)X\ 

ASJ « 9A9AX, (1) 

where x = ^/(s — Mf) and gv (j^) is the vector (axial) coupling of the fennion 
to the standard Z° boson. Since gl

v for I — e, /*, r are very close to zero, the 
second term in RJJ for / = /i, r is nearly zero. So, Rjj is greater than 1 in the 
standard model. The formula for the extra Z boson in E& model are summa
rized in Ref. 4. I show gv and g'A for Zp boson and the standard Z° boson in 
Fig. 2. Since gv(Zp) is proportional to sin/3, it takes the maximum value at 
/? = 7r/2. If such extra Z boson exists, the corresponding term to the second 
one in eq.(l) gives a large negative contribution to Ru(l = fi,r) and a positive 
contribution to R. 

I show the quantity £/((</£)2 + (.9A)2) f ° r t n e ^/J boson, normalized to the 
same quantity for the standard Z° boson. Here, the sum is taken for ordinary 
quarks and leptons. This quantity appears in the production cross section or 
the decay rate of the extra Z boson at pp collider. I show this quantity because 
it represents the average coupling to fermions. Two features should be worth 
noting; (1) It is smaller than 1 (~ 0.3). (2) It takes the minimum at fi ~ 20 
degrees and the mamimum at /? ~ 100 degrees. 

The second feature explains the dependence of the limits on 0E and the lower 
mass limits on M2, given in Fig. 1. 

2. EFFECT OF THE EXTRA Z BOSON IN e+e" ANNIHILATION 

I show the effects of the extra Z boson in typical observables R^, A 
flfl) **CC 

and the cross section of Bhabha scattering. They are given in Figs. 3. For R^, 
A^ and Ace, the solid-curve represents the prediction of the standard model 
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with ain20w = 0.23 and Mz = 91.1 GeV. The dashed-line in R^ and A„„ 
is the prediction of the extra Z model with sin26w = 0.23, Mt = 91.1 GeV, 
M„ = 120 GeV and 6E = -0.01 (rad.). These parameters are the best fit
ted values to the lepton data. For calculations of A^ and the cross section of 
Bhabha scattering (y/I = 50 GeV), M2 - 150 GeV and 0E = 0 are used. The 
estimation of the errors for the data points at the TRISTAN energy is based 
on the real data for i J w , A^ (30 p6 - 1 ) and the Bhabha cross section (5 p6 - 1 ) 
although the central values do not necessarily reflect the real data. For the data 
point for Acc at TRISTAN energy, I assume that we have about 20 D* events 
at 30 pb~l. From these figures, one can easily estimate how much luminosity 
is needed to go beyond the present limits. The effect of Z' is largest in i?//. 
One can expect the effect of the same magnitude in R, but one need to know 
the QCD effects (Ajjyj) precisely there. I do not show At,h because it is more 
sensitive to B° - 5 ° mixing effects [7]. 

The limit on BE in Ref. 4 depends mostly on the value of Mz = 91.9 ± 1.8 
GeV and the relations Mo = M\y/cos6\v and tan20E = H^ZM^- Even if this 
relations are not used, the limits on M 2 are not much affected. 

3. LIMITS ON THE EXTRA Z BOSON FROM pp COLLIDER 

Ellis et al. [5] estimated the limits on the extra Z bosons, ZA (j=Zn), ZB 
(=ZX) and Zc, using the measurement of a(Z°)Br(Z° -* e +e~) given by UA1 
and UA2 collaborations. As they discussed in the paper, the limits depend on 
the exotic particles into which Z' can decay. Assuming that Z' decays to ordi
nary quarks and leptons, the mass limits they obtained are Mv > 167, Mx > 170 
and Mc > 158 GeV at 90 % CL. 

Recently, CDF collaboration has given a preliminary measurement of 
cr(Z°)Br(Z° —* e+e~) based on 204 Z° events at the integrated luminosity 
of 4.7 p6 _ 1 [8]. Ellis et al.[5] calculates the cross section ratio R = a(pp -* 
Z')Br(Z' -» e+e-)/ff(pp -» Z°)Br(Z° -* e+e~) at y/I = 1.8 TeV for Z' = Zv 

Zx and Zc. Using their calculation as shown in Fig. 4, one can easily obtain 
the lower mass bound at 90 % CL as a crossing point between the curve and 
R = 2.3/204 ~ 0.01; M„ > 270, Mx > 290 and Mc > 260 GeV. 

The solid curves represent the case when Z' decays to ordinary quarks and 
leptons. If it can decay to all fermions in 27-plets of Ee and their supersym-

— 235 — 



metric partners, Br(Z' —* e+e~) becomes much smaller (dashed lines) and the 
limits become much weaker. The results from the low-energy neutra[Bl-current 
experiments including e + e~ experiments are free from such ambiguity as the 
existence of exotic unseen particles. I think that the lower bounds on Mi which 
the CDF collaboration can give are still consistent with the limits given in Ref. 
4. 

4. SUMMARY 

The limits on an extra Z boson in E6 model are reviewed. Clearly, the CDF 
collaboration is the only experiment that can directly search for extra Z bosons 
up to 300 GeV region. Their search limits will increase with the luminosity. 

The decrease of the leptonic cross sections Rn observed at y/s ~ 40 GeV by 
PETRA experiments should be tested by TRISTAN experiments at y/s ~ 60 
GeV, hopefully with 5 times more data. Precise measurements of Rn, An and R 
at TRISTAN energy will become a very stringent constraint both to the stan
dard model and to the extra Z models. 

The constraint on 6^ becomes tighter with new measurements of Mz by 
SLC and LEP, but the limit on M 2 will not change much. It is desirable that 
we incorporate the latest low-energy neutral-current data to our analysis. 

The author wish to thank Drs. R. Najima and K. Hagiwara for discussions. 
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Figure Captions 

Fig. 1. Allowed regions for M2 and OE at 90 % CL, obtained by Amaldi et 
al. (dashed lines) [2] and Hagiwara et al. (solid lines) [6], are plotted as 
functions of /?, for the Zp model. 

Fig. 2. (a) gl

v and g'A for Zp boson and the standard Z° boson, (b) The 
quantity £/((<7v)2 + (SA) 2 ) ^ o r ^ e Zp boson, normalized to the same 
quantity for the standard Z° boson. 

Fig. 3 . (a) R^ data, (b) AM M data, (c) Aa data and (d) ^^(Z')/-^^(Standard) 
for the Bhabha scattering as well as the predictions are given. For (a) 
Rp,, and (b) AM M, the solid-curve represents the prediction of the standard 
model with sin26w = 0.23 and Mz = 91.1 GeV. The dashed-line is the 
prediction of the extra Z model with sin26w = 0.23, M t = 91.1 GeV, 
M„ = 120 GeV and BE = -0.01 (rad.). For calculations of (c) Acc and (d) 
the cross section of Bhabha scattering (y/s — 50 GeV), M 2 = 150 GeV 
and 6E = 0 are used. 

Fig. 4. The cross section ratio R = er(pp —> Z')Br(Z' —> e+e~)/a(pp —» 
Z°)Br(Z° - • e+e") at y/I = 1.8 TeV for Z' = Z„, Zx and Zc [5]. 
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Physics of Heavy Top-Quark Mass 
- The Gate for New Physics ? -

Masako BANDO 
Physics Division, Aichi University, Miyoshi, Aichi 470-02, Japan 

ABSTRACT 

1 Implicaton of Heavy Top Quark Mass in the Standard Model. 

2 Compositeness Conditions as the Boundary Conditions. 

3 Renormalization Group Equations and Compositeness Conditions. 

4 The Top Quark Condensation Model and Ap. 

1. Implicaton of Heavy Top Quark Mass in the Standard Model 

According to the recent report of CDF experiments, the top quark mass is 
larger than 77 GeV. Then we are now far from the minimal SU(5) model; the 
upper bound for the top quark mass (mt(mt) < 45 GeV) was obtained by the 
constraint that it does not spoil the good prediction of the ratio mi,/mT] 

Generally we say that the interaction becomes "strong" if the coupling con
stant a = g2/4ir becomes of order 0(1). So, if the top quark mass is larger than 
1 Tev, the corresponding strong Yukawa coupling will induce a phase transition, 
developing tt condensate. Even if the top quark mass is of order 100 Gev, its 
coupling to Higgs scalar gt is still large enough for its derivative dgt(fi)/dp to 
be positive; the one-loop /^-function of standard model (neglecting the effects of 
light quarks) is given as, 

1 6 , r 2 ^ = 9/2</2 - 8g2

3 - 9/4«,2 - 17/12*?,; t = ln^ 2 / /* 2 , ) , tt) 

with 53,52 and gi. being the strong, weak and elctromagnetic gauge couplings. 
Since g3 » gi,g2l we have Wir2^1 - [9/2#2 - 8g|] and by experiment, 
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gl(Mz) = 1.44 ± 0.19 ( a 3 = ffl/4""). s o if <*« > (16/9)a 3 = 0.115 ± 0.015, 
i.e., 

at(Mz) > 0.204 ± 0.027 — m t > 280Gey, (2) 

then the solution of the differential equation is easily obtained: 

2rr 
d(ln at) b0at -*• at(t) — —— ««(/*) 

bo<*t{li)M , 6 0 = 9 / 2 > 0 , (3) 

which has the so-called Landau singularity when the denominator is zero (see 

Fig.l); 

Ao = ^ e x p [ w# (4) 

F i g u r e 1 . The evolution of the coupling constant; it becomes infinity at the 

so-called Landau point, AQ. 

Thus, so far as the Higgs fields are regarded as elementary, Ao must be smaller 
than the GUT scale 10 1 5 and this is why we have the upper limit of at{mw) > 
0.0466 —• mt > 13406^. Otherwise, if one requires the finiteness of the bare 
coupling <ft(Ao), we are led to the so called "zero charge situation", in which the 
theory becomes trivial. 

* Its exact value should be calculated by taking account of all the interactons. Especially 
the gauge couplings contribute negatively to the beta function, and gt is infrared stable 
actually . ' 
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One can take an alternative view, however, t ha t the Landau point indicates 

the scale from which a new physics begins and tha t an anomalous large cou

pling constant is just the indication of the composite Higgs scalars: They may 

be bound states of top quarks or some heavy fermions as yet undiscovered. Then 

the elimination of such an infinity is done by casting the wave-function renor

malization factor ZH = 0. This is what we call "compositeness condition" often 

used in the bootstrap condition in hadron physics. The idea was reexamined by 

Eguchi ' from the viewpoint of the Gell-Mann-Low fixed point; the composite

ness condition is guaranteed if the solution of Zg(gt, AQ) = 0 has a nontrivial 

ultraviolet fixed point <7t(Ao) ^ 0. The revival of the idea has been brought, 5 ' 

by recent data of the top quark mass, ~ in which the Higgs particles and/or 

weak gauge bosons apperar as composite states of top quarks. The compositeness 

condition, combined with modern renormalization group techniques, provides us 

with a powerful tool to connect the comming new physics with terrestrial effective 

low energy theory. 

In any case the above discussion indicates tha t the critical value of the top 

quark mass is roughly of the order of a handred GeV. The existence of such very 

hevy particles, quarks or Higgs particles may they be, will inevitably lead us to 

the strong interacting world which our gentle standard Weinberg-Salam theory 

have never dreamed of. Does the heavy top quark mass then suggest the scale 

at which the new physics will begin ? If it is so, it may give, on the one hand, a 

light to the mysteriopus Higgs sector of W-S theory. 

2. C o m p o s i t e n e s s Condi t ions as the B o u n d a r y Conditions 

The compositeness condition is described by Zg = 0. In studying the evolu

tion of the coupling constants via renormalization group equations, this compos

iteness condition gives the boundary condition at /i = Ao . Let us s tar t with 

the following Higgs lagragian coupled to a fermion doublet {L — (t, 6 ) L , t R , bR}, 

C = Cqg + | £ V # I 2 " m f f ] H ~ \^H)2 + (gtLtRH + gblbRH + he), (5) 
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where Cqg includes the kinetic terms of quarks and gauge bosons. Note that 
the kinetic terms are normalized in a conventional way in accord with the el
ementary Higgs particles. If one introduces the wave function renormalization 
ZH explicitely, the same lagrangian is rewritten in terms of the redefined Higgs 
fields, H = ZlJ2H; 

C = Cqg+ZH(DhH)\D^H)-mH^H~(H^H)2+(gtLtRH+gbLbRH+hc), (6) 

with 

m2 = ZBm2, ~gx = zfgu ~gb = zfgh, \ = Z\\ (7) 

For the composite Higgs case, ZR vanishes at the new-physics scale /i = Ao while 
gt and gb are kept to be finite. This condition can be expressed in terms of the 
conventional normalized coupling constants as 

lim gt, gb = lim ZH

lf2gt, Zgll2gb = oo. (8) 

Now the evolution of gt(n) and gb(p) via the mass independent renormalization 
group equation is computed to one loop order as, 

dt f ( 9 ) 

where A'A, KJ, KV and G correspond to the one loop corrections terms of Higgs, 
fermion self energy, the vertex and gauge-interaction, respectively (see Fig.2): 

Kh = 3(g? + g2

b), 
Kf = (3/2)5? + (l/2) 5 t

2; 4*> = (3/2)rf + (l/2)g2, 

K^ = -2gh K^ = -2g], 

Gt = -8g2

3 - 9/4 f l 2

2 - 17/12(,2; Gb = -Sgj - 9/4 5? - b/Ugl 
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— - H — f 

< 

Figure 2 . The loop diagr ams relevant to the evolution of Yukawa couplings 

of quarks, (ft and g\,. 

The top quark mass is given from the value of gt(n) say at the on-shell point 

gt(fi = mt)) = rrit/v with v = (H). Since all the other parameters, gi,92,gz,gb a s 

well as v are given by experiments, the top quark mass is determened as a fuction 

of Ao. In ref. they assume Nambu-Jona-Lassinio type lagrangian at y. = Ao and 

calculated the top quark mass for the case of <jrj = 0; the results are 

mt = 220Geu(A 0 = 10 1 9 Gev), 458Gew(Ao = 104Gei>). (11) 

3. Renormal izat ion Group Equations a n d Composi teness Condit ions 

From eq.(9) we have for the ratio R = gt/gb, 

1 6 x 2 ^ = 3( 5 j

2 - g2

b) - g\ ~ Zgl for gt » gb,9l, (12) 

which, once g\, ^ 0, even if it is very small, diverges near ft = Ao. This is 

in contradiction with the compositeness condition; both couplings should diverge 

similarly by keeping the ratio R — gt/gb\\B finite. Once we set nonzero R(/i = Ao), 

it rapidly tends to of order 1 for smaller ft, as they are strongly coupled via 

the equations of (9). In other wards, if one starts with R(/i = Mz) = 0.1 

(experimentally smaller than this), we are inevitably led to R(AQ) = 0 (see Fig.3). 
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F i g u r e 3 . The (I dependence of the ratio R = </t/</6(ft); H one starts with 

nonzero but small (R(fl = Mz), it inevitably tends to i t (Ao) = 0. 

Then the question is how one can formulate the renormalization group equa
tions compatible with the compositeness conditions. This can be done if one 
recalls the fact rh2 = Zgm2 in eq.(7), the Higgs mass m2 turns out to diverges 
at ft = Ao also. This suppresses the contributiions of the loop diagrams with the 
internal lines of Higgs partiles (infra-red decoupling), which appear in the terms 
Kj and Kv, as is easily seen from Fig.3. So by introducing suppressioin factors 
/ / (a ) and /u(o) with a = fi2/m2

B, in which / (a) has the following properties, 

lim /(a) = 0 : lim /(a) = 1, 
a—*0 a—*oo 

(13) 

we can express the effects by rewriting (9) as 

Wir' (0 

16ir' 

dt 

dt 

Kh + ff(a)Kj> + fv{a)K),l> + Gt 

rW <*). = Kh + ff{a)Ky> + fv{a)K?' + Gh 

This time near p = Ao, (12) becomes 

1 6 , r — A — l A o 1 6 , r ~ s r l A o • 

(14) 

(15) 

which is consistent with the compositeness condition. The explicit form of the 
function /(a) can be calculated, for example, by using the mass-dependent renor-
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t -t b -t 

F i g u r e 4 . The numerical result of the evolution of the ratio R = gt/gb 

using the mass-dependent renormalization technique instead of the mass-

independent one (Fig.3). 

malization technique10 instead of the mass-independent one. The numerical re
sult shows reasonable improvements in the evolution of the ratio R = gt/gb as 
seen m Fig.4 u ) ( details can be found in the reference). 

4. The Top Quark Condensation Model and Ap 

We have already mentioned that the heavy top quark, if it ever is, have 
inspired the idea of dynamical symmetry breaking via top condensation. We 
have seen in (11), however, that the obtained top quark mass is at least 220 Gev 
even if we take A 0 = 10 1 9 Gev and 458 Gev for Ao = 104 Gev? On the other 
hand we know the experimental data of pexp(= mw/mz cos 0w) = 0.998±0.0086, 
remarkably close to 1 (Apexp < 0.01) and the isospin violation due to the quark 
mass inevitablly produces the deviation of p parameter via radiative correction 
(see Fig.5). 

So it is demanded that the mass difference should be roughly less than 200 GeV. 
and so the scale Ao should be pushed up to the GUT scale. It is impossible, 
therefore, to reach the gate of a new physics caused by the top quarks, even if 
it ever exists; below the GUT energy, the effective lagrangian is nothing but the 
one of standard W-S model. Of cause the new physics lagrangian can eliminate 
a high degree of arbitrariness of the conventional Higgs sector: If one takes the 



F i g u r e 5 . The radiative correction due to t i e isospiu violation due to the 

mass differece of of quark doublet. 

N-J-L type lagrangian, we may get the relation between the top quark mass mt 

and the Higgs mass mg.''7 How can one, however, guess the exact form of the 
lagrangian among many possibilities of the comming new physics ? 

Is the above estimation of A/7 via radiative correction still correct even in the 
case of dynamical top quark mass ? Indeed for estimating A/> it is the form of 
the mass function E(/i) that plays an essential role. As is easily seen from Fig.5, 
weak isospin violation gives rise to the different vacuum expectation values v's 
for the W and Z gauge boson masses. Thus p can be written in terms of the 
so-called the decay constant: 

P = h 
AFi AFi ; AFt = Fl+-Flo, (16) 

where the rough expressions of FT are,8 ( for their exact expressions, see ref. ) 

***-*** Jo l (« + E?)(« + E|) J' (17) 

where the cut off factor is needed if E(x)=const because the integration diverges 
logarithmically. As for the mass E(x), there are actually various kinds of the 



function forms corresponding to various dynamical models. Their behaviors are, 
for examples, up to \n(x) factor, 

X(x) = m, Z(x) = nox-1l2V(p0),(7* = l), E(*) = pJa^Efoo), (7* = 0), 
(18) 

where 7* is the anomalous dimension. We call "hard mass" for the first case 
(fermions have bare masses) and "soft mass" if it is dynamically generated; 7* = 1 
(via asymptotically non-free gauge interaction) or 7* = 0 (via asymptotically free 
gauge interaction) . Note that we get the same hard mass function 7*=2, even 
when it is dynamically generated, for example in the Nanbu-Jona-Lassinio model 
or usual Higgs model. Also Marciano" obtained the same behavior from the 
coupling reduction approach .1 5 ) 

Now the question is the following: We know already Ej(//o), FVi and FTo 
from the experimental values of masses of the bottom quark and gauge bosons, 
W± and Z. Then, if one starts with a fixed value E<(/io), which case in (18) most 
suppresses Ap or equivallently AF% ? If one compares eq.(17) with the following, 

AF'=^C*d*^-7hi}'- ( I 9 » 
it turns out that the integrant of A F 2 damps more rapidly than F 2 itself. In the 
former relatively lower-energy parts contributes than the latter. Thus the softer 
the mass function E(/t) is, the more F T is suppressed. If the scale A 0 is very high, 
however, the difference may not give any appreciable numerical effects practically, 
since E(/*) decreses just near \i — Ao- Details will appear in a separate paper.. 

Many fruiteful discussions with Kugo and Suehiro are very much appreciated. 
The main part of this report is based on the works in collaboration with Kugo, 
Maekawa, Sasakura, Suehiro and Watabiki. 
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Compositeness of W and Z Bosons and Related Topics 

Masaki Yasue 
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Midori-cho, Ta.na.shi, Tokyo 188, Japan 

A b s t r a c t 
Within the framework of complementarity, where the vector meson dominance 

(such as Z) of the photon is naturally implemented, we introduce extra W and Z 
bosons together with W and Z as composite particles in a confining gauge mode] 
based on a "color" SU(2)[°l x SU(2)lfi symmetry. Left - handed quarks (qfL for 
A=l,2,3 and i=l,2) and leptons [(•.) are composites of scalars, tb ., carrying the 
weak charge and spinors, c£ (o = 0,1,2,3), carrying the three colors (a = 1,2.3) and 
B - L(a = 0): qf^ ~ ^TC'L a n ^ ^ r ~ ^ r c\- The confined gauge model is shown to 
be equivalent to the conventional model realized in the Higgs phase as far as the scalar 
degrees of freedom are frozen. 

It is believed that quarks, leptons and weak bosons are elementary particles, whose 
interactions have been described by the gauge model of SU[3)^C x SU(2)'£C x £/(l)y c . 
This situation is quite similar to that in the hadron physics, i.e., the nucleoli (P,N), the 
Yukawa, mesons (<r ) and the vector mesons (p±0) behave as "elementary" particles, 
say, at E < 1 GeV. Recent development concerning compositeness versus elemen-

tariness has brought about the notion of complementarity, which is applicable if 
composite particles are generated by a certain confining gauge theory such as QCD for 
hadrons. It is known that the confining theory possesses two phases, i.e., the Higgs 
phase where elementary particles remain in the spectrum and the confining phase 
where composite particles appear. Complementarity, then, dictates the equivalence of 
physics in both phases as far as the energy accessible does not exceed the breaking or 

2) 
confining scale." 

One may wonder what happens in QCD, which is certainly based on the confining 
color 5(7(3)(? c symmetry. Nucleons, scalar mesons and vector mesons are composites 
of quarks. Complementarity will state that composite nucleons are regarded as (con-

3) 
stituent) quarks and composite vector mesons as massive gluons. Scalar mesons are 
described by the Nambu - Goldstone bosons, which are not absorbed into the mass-
less gluons. Let the flavor group be SU(3), for q'A (A = 1 , 2, 3 for three colors; i = 
1, 2, 3 for three flavors), i.e., », d and s, which comes from the symmetry breaking 
of the chiral 5/7(3) x SU(3)R symmetry. To faciliate the symmetry breaking, we 
introduce two scalars, ££•: (3 , 1) and £&: ( 1 , 3) for (5f / (3) L , 5f7(3) f t ) , which are 
decomposed as ^ = ^0j and ^ = i]j0j- It is suggested that £,, is identified with 
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scalar diquarks, £(J( = eABCs..kqi qf?,/f^. The remaining scalar, £, represents the 
Nambu - Goldstone modes, IK as £ = e x p ( I I / / n ) . QCD gets broken completely as fas 
as diquarks are condensed to develop < (fa > = fnf>f- In this phase, i.e.. the Higgs 
phase of QCD, the gluons, G^ become massive and serve as the octet vector mesons 
including p and quarks act as the octet baryons including P, N and A. While, in the 
confining phase, color-singlet composites are supplied by £vil\/fn (~ Wl f ° r fv.- ~ 
qq) as the octet baryons and by iViD^L,/f^ (~ qqqq) as the octet vector mesons. 
Then, the both phases at low-energies contain the octet baryons and vector mesons. 
The transmutation of gauge bosons (i.e., gluons) into massive vector mesons (i.e., p 

etc.) arises. The similar suggestion has been lately advocated on the basis of the 

non-linear sigma model with a dummy hidden symmetry, where gauge bosons are 
regarded as composites and scalar mesons like ir are taken into account but without 
the baryons as qqq. 

Since the standard gauge group contains an additional nonabelian group, SU(2)£C 

for weak bosons, to which complementarity can be applied. From the complementarity 
viewpoint, the Glashow-Weinberg-Salam (GVVS) model based on the spontaneously 

broken 5C/(2)^ , C x f / ( l )y c symmetry is considered to be (almost) equivalent to 
the model on (7(1) '^ with the confined "color" Stf(2) ' / C symmetry, i.e., the Bjorken-
Hung-Sakurai (BHS) model for the kinetic 7 - Z mixing scheme. The weak bosons, 

W* and Z. are made a s 8 ) IV± ~ Tr^^w^iD^l^) and Z^ ~ T r ^ t r * / D ^ ) , 
where wf is a scalar carrying the weak charge and is represented by the Higgs scalar 
0 as d'L — (<j>G, 4>). At the same time, L-handed quarks (qfL for A=l,2,3 and i= l ,2 ) 
and leptons (C.,) are regarded as composites described by qA

L = u>'l;CA

L and l.L — 

"'iXcaZ,- Starting with the lagrangian of the GWS model, one can derive the BHS 
model with the kinetic mixing parameter, A, for 7 - Z, A = e/g as long as a scalar 
condensation of w\ w. = I is developed. This equality of A = e/g can be regarded 
as a result of vector meson (such as Z) dominance of the photon. 

Along this line of the compositeness of "elementary" particles, a possible new 
physics beyond the standard model is investigated by introducing extra II" and Z 
bosons. The simpler extension is to include extra W^ and Z as another set of \\;± 

and Z. The gauge group is SU(2)[°l x 17(1)'^ x 517(2)5"/ ( = Gloc). The extra vector 
bosons in this case are allowed to be as light as 100 GeV as far as the low-energy 
weak interaction phenomenology is concerned. It is because the couplings to quarks 
and leptons are of the V - A form, which does not. alter low-energy charged-current 
interactions. The gauge group, Gloc, itself is not new and has been discussed by Barger, 
Keung and Ma and lately by Georgi, Jenkins and Simmons. " The lagrangian with 
extra composite weak bosons is characterized by vector meson dominances, which are 
described by the kinetic mixing terms among the photon (.4°), W and Z (mainly Vj) 



and extra W and Z (mainly V',) 

C . =--\ V{<) V' ( , ) '" / - -IX V{3)+\ V{3))A°>"' (1) 

We will demonstrate how the kinetic mixings are generated in the confining phase of 
5*7(2)'$ x SU(2)'f£. 

The particles contained are 1) gauge bosons of (G^)* (i = 1,2,3; a,b = 1,2), (G^)^ 
(«', 6' = 1,2) and B^ 2) fermions of c%L (a = 0,1,2,3), c°,L as (0, 1/2; Y), and; 3) two 
sets of scalars of w^ as (0, 1/2; -T^) and £J, as (1/2, 1/2; 0), where three numbers 
inside the parentheses denote the quantum numbers of {SU(2)[°[, SU(2)^£; U{l)!f-C). 
The R - handed fermions are treated as "color"- singlets, (M^2>: (0,0; Y{). The four 

colors specified by a is the Pati-Salam SU(i) color. 
Let us demand that Qloc — SU(2) x S(7(2) be confined to generate composite 

particles. To examine this phase, the scalars are subject to the nonlinear realization 
that is achieved by €&&]& = A|,«, («>]. ) > £ . = A 2 ^ , (?)*,£ = A$ ' . and 
£J'(^)a = Al£*<, which are of course all "color" - singlets. Also defined are "color" -
singlet, composite ferniions for L - handed quarks (</) and leptons (C) and composite 
vector bosons, V and V, for W, Z, W' and Z', according to: 

t.. = Y,*i&d*v &=£*i*£-ii^ t2a>fc) 
a' a1 

= E rf,i*K + B^Uw^/Al - .7'(r(3,/2HB,, (2c, d) 
a'b' 

= - E tf,«K'('A + ̂ i^^Jf^Jj'Ml -g^J*.]{tii)i/Al, (2c,/) 
diii't' 

as well as / ' d ? = g'B-. Hereafter, quarks and leptons are denoted by ibfL = CiL (a=0); 
= qfL (a (=A) = 1,2,3). 

By noticing that g^G^ = («' t£) tf 1 / 1„(M\C) and fl-,G'2/i|, = vi\y^ltwv where 

we find the lagrangian for the gauge theory evaluated in the confining phase, £ c ., 



Note that the extra boson, Vr>, does not couple to quarks and leptons. If c . carries the 
SU(2)'£C - "color" instead of the SU(2)'[C - "color", L - handed quarks and leptons 
with the substructure of \jifL ~ ^)

Iic'i wi" interact with the extra boson, F , . The 
coupling strengths, fv / , and / ' , satisfy l / / f = I/5J + I/17?, / 2 = # , and l / / ' 2 = 
l /Zf + I / 5 ' 2 for canonical kinetic terms of V , and A0 and, respectively, turn out to 
be nothing but g of the diagonal subgroup of SU(2)lL x S£7(2), L , <y, of SU(2)2L 

and the electromagnetic charge, e, defined in the Higgs phase. For "color" singlet 
composites, the unbroken f / ( l )y c symmetry is coincident with the U(l)^ symmetry. 
The third - isospin is provided through the U(l)yc charge of il> , which ensures Qem 

= (7-' 3 ' + F) /2 .The kinetic mixings are now characterized by / j / / , (= Aj,) for V% and 
V',, e/f (= A ) for .4° and V . The kinetic mixings cause the following field -
redefinition: 

V$(^) = y/^(VW + \lS£'>h VJJ = v ^ ^ V j ) , (5., ft) 

^=4+v'i3 ) +vi3 )- w 
It is not. difficult to show the equivalence of the interactions in the confining and 

Higgs phase as far as the scalar degrees freedom are frozen. The alternative iden
tification of V'|'\ V ^ and A in the Higgs phase is realized by 

V{J = «*««<?> - cos J f l „ Vg> = c o s ^ G g J - A . ^ , 

V g ) = sin*£G<±> + cos0£G<±>, V<J> = c o s ^ G ^ - s i n ^ G ' W 

,4,, = sin tfojf) + cos 0B,,, (6a ~ e) 

where a ' 3 ' = sinfLG' 3 ' + cosfl-G' 3 ' is the third component of the gauge bosons of 
I* L 2/i L l/i 

Stf(2)}? c H 5(/(2)i° L

e x SU(2)[1) with the gauge coupling, gt = g^J^ol+gl = 

gy cos 9^ = 5, sin ^ (= / ) and e = gLg'l\Jg\ + S'2 = <7L sin 0 = ff' cos (9 (= / ' ) . One 

can observe that, complementarity is respected in a way that the SU{2)[°[ x U(l)'{.c 



x SU(2)f£ model provides the same physics both in the Higgs phase (with the mass 

mixing) and in the confining phase (with the kinetic mixing). 
One may wish to introduce extra bosons with the vector coupling to fermions 

(such as the p - like meson) instead of the V - A coupling discussed here. From the 
present discussions, it is expected that the p analogue is associated with SU(2)l°£ 

x S£/(2)' v? c with, say, c ^ : (0, 1/2; Y) and ca,R: (0, \j2; Y ) . 1 S ) However, if one 
demands complementarity, it turns out to be unsuccessful because the same "flavor" 
- interactions are generated for both L- and it- handed ("color"-singlet) fermions, 
namely no L - handed weak interactions are generated. The consistent realization 
is obtained if an additional A - like meson (with the axial coupling to fermions) is 

present. Then, the "color" confining group for the p- and A.- like mesons is given by 
SU(2)[°£ x SU(2)'{,C x SU(2)'XC. Correspondingly, three kinds of scalars are necessary. 

Having equipped with the interaction lagrangian for composites, (4), we find that 
the low - energy phenomenology is controlled by 

CfI} = 2x/2vr6' F . /<. ; '4+^, (7a) 

L\S! = iV2GF[(jW - sin 2 9Jemf + CemJemJm], (7b) 

where 4y/2Gpm2,,0 = / 2 for mWQ = /A,, and C m = ( A ^ / A ^ / 2 / / 2 ) ^ 4 * ? . The 
weak boson masses, m ™ . , are fixed to be: ?n_ = 91.09 GeV (as the central value of 

the averaged data)" and m. = 80.00 ± 0.56 GeV." The constraints on sin 2 6 and 
22) 

Cem, respectively, come from v - induced reactions"" and the Bhabha - scattering 
with A i > 7.1 TeV (for vector coupling), 2 3 ' which result, in sin 2 6 = (0.22 ~ 0.24) 
and Cem < 0.002. Computation of Cem shows that Cem < 0.002 is always satisfied. 
Another constraints are based on the experimental results on pp —* W' (or Z') + ••• 
followed by W (Z1) -*• ev ( e + e _ ) . 2 4 ) These impose mw, > 120 GeV and mz, > 

(180, 164, 145 GeV) for sin 3 6 = (0.22, 0.2225, 0.223) but no restriction for the case 
with sin 2 B > 0.223. The prediction on pp — W (or Z') + • • • -*• jj + • • • is so far 

consistent with the data." Under these constraints, we evaluate various quantities 
and show 

1) the dependence of the Z decay widths on mz, ( = m z . in the Figures) for sin-0 
= 0.22, 0.225 and 0.23: T(Z — all) (in Fig.l) and T(Z — e+e") (in Fig.2) 
together with the standard model predictions at sin 20 = 0.2313 (for mf = 100 
GeV), 

/ ) It is also possible to show the equivalence of the model in the case oi G<°c = SU(2)'2°£. ' The 
similar argument can be applied to models with an extra Z bosons based on G o c = SU(2)^ X 
U[l)'°c.17) 
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2) the coupling constant of g, (= g* in the Figure) divided by e (in Fig.3) and the 
Z' decay width T(Z' — all) (in FigA) and 

3) the cross section of <r(e+e~ — / / + / /~ ) as functions of ,/s for m = 250, 500, 
1000, 1500, 2000 and 3000 GeV at sin 20 = 0.225 (in Fig.5). 

A TeV e + e ~ collider will see the extra weak boson as heavy as 1 TeV or even 
heavier than the beam energy owing to the broader width of Z' of C?(100 GeV) as long 
as the extra boson acts as a "elementary" particle. However, since the compositeness 
scale can be as low as the order of G " 1 ' 2 = 300 GeV, the electron itself, whose L -
handed state is supposed to be w^c^., will manifest the substructure perhaps through 
(unknown) form - factor effects around E = 0(1 TeV), which even distort the behavior 
of e"*"e~ annihilation via. the photon and Z. The most probable thing expected at the 
TeV energy scale is to see what the theorists do not anticipate. 

The author would like to thank K. Akama and T. Hat.tori for fruitful discussions. 
Enjoyable discussions with the member of the theory group of INS, University of 
Tokyo, and of KEK are also acknowledged. The numerical computation was done by 
the FACOM - M780 computer at the INS computer center. 
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1 Introduction 
It seems quite plausible to us view point that the standard SU(2)xU(l) model(SM) is only an effective 

theory valid in the low energy region and the more fundamental theory is required in the high energy 
region. Out of many questionable points usually mentioned on the SM we are especially concerned with 
the followings in this talk: 

Firstly in the SM the gauge symmetry is spontaneously broken through the Higgs mechanism. However, 
we feel it to be an attractive idea that a truly-fundamental gauge symmetry might not be broken. 
Actually the tow fundamental gauge symmetries thus far known, the electromagnetic and the color ones, 
are strictly conserved. 

Secondly in the SM there exists the maximal left-right asymmetry not withstanding that quarks and 
leptons have both of the left- and right-handed degrees of freedom. In the other words there is no 
explanation for the parity violation. 

Correspondingly to these questionable points we set up our basic stand points on a new "fundamental 
theory" as follows: 

1) The fundamental gauge symmetry is never broken, and any short-range interactions should 1 ' 2 ' be 
secondary, appearing as residual effects of some fundamental gauge interactions. Here the case of strong 
interaction may be illustrative. The Yukawa interaction of pions with nucleouns, which had been at the 
beginning introduced as a fundamental interaction to explain the short-range nuclear force, proved to be 
a secondary one to represent the effective interaction among composite nucleons and composite pions, 
which, respectively consist of three quarks and a quark—anti-quark pair bounded by the fundamental 
color gauge interaction (see Fig.la). Similarly we consider that the weak Yukawa interaction of massive 
weak bosons with quarks and leptons a secondary effective one among composite quarks or leptons and 
composite weak bosons with respective appropriate preon and / or anti-preon configurations bounded by 
some new fundamental gauge force (see Fig.lb). Furthermore in deriving the SM as an effective theory 
in the low energy region we shall apply the mixing mechanism between a massive vector meson and a 
photon in a global SU(2) symmetric system . 

2) The fundamental hyper-color gauge interaction to bind preons is supposed to be, in the beginning, 
left-right symmetric. It is also supposed the asymptotic freedom and the confinement mechanism for 
this interaction. Thus we follow generally the standpoint of left-right symmetric gauge model 3 ' ' 1 except 

— 260 — 



that the gauge vector bosons there are replaced by the massive composite ones in our case. Namely we 
assume that the mass of composite vector boson of right-handed system is extremely large compared to 
that of left-handed system 

m i < TOR (1) 

so, the Yukawa interaction of only left-handed composite vector bosons is relevant in the low energy 
region. 

2 Basic set up of our composite model 

A) Our scheme of composite model 
In this paper we shall resort to a fermion-boson-type preon model 1 ' 4"* 7 ' . The kinds of assumed preons 

and their quantum numbers are given in Table 1, which of the assignment of baryon(lepton) number 
B(L) given there is only for the case with Qo=—1/2 , which seems to us especially interesting since the 
scalar preon is only due to the quantum numbers B and L. 

The quarks and leptons have the configuration as 

u = (F.C),d = (FdC); ue = (F.S), e = {FdS), (2) 

where the fermionic preons Fi's is supposed to be, corresponding to our view point given in l,2),of Dirac 
type. Their quantum numbers satisfy the standard formula; 

Qo = h + Y/2, (3) 

/ 3 = / 3

L , Y = 2I^ + B-L, (4) 

where Qo,Ii and Y are the electric charge, the 3rd component of weak iso-spin and weak hyper-charge; 
and l£(I^) is the 3rd component of weak iso-spin represented by the left-(right-)handed doublet F« 
and Fd ' . Here it may be not able that in our case the hyper-charge Y has a clear-cut meaning as 
given in Eq (4) which is a general feature of left-right symmetric preon models 3 '. 

The weak vector bosons are built from a pair of fermiopic preon F and anti-fermionic preon F in the 
respective world of left-hand and of right-hand as 

/ = 1; W<+> = F.Fd, W<"> = FdF„ 

wm =

 F*p* ~ F*Pd ( 5 ) 
\/2 

I = 0;W^ = F ^ ' + / d F d . (6) 
V2 

Here it is to be noted that in our composite scheme the existence of an iso-scalar weak boson 1 , ', in 
addition to the usual iso-vector ones, are naturally expected. In this report we shall concentrate on this 
additional particle and investigate the lower limit of its mass obtained from the low energy experiments. 

B) Confinement force and preon-line rule 
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As a confining force to combine preons, we suppose, imitating the case of strong interaction, the SU(n) 
gauge interaction. Each of preons, Fu, Fd, C and S is supposed to belong to a fundamental n-dimensional 
representation of the SU(n) group. Furthermore we assume an approximate validity of preon-line rule 
like the OZI-rule in the case of QCD. More strictly, our effective interactions among composite quarks 
or leptons and composite vector bosons have a global U(2) symmetry(or quartet symmetry). The reason 
why the OZI-rule is valid in the case of QCD is discussed from various view points, of which most 
appealing one is due to the so-called large-n limit 8). Anyhow it seems to us very probable that the 
line rule is also valid in the world of the weak interactions where the strong similarity to the strong 
interactions exists as was mentioned in 1,1). Because of this assumption the number of parameters in 
our scheme becomes much less compared to in the case of other similar analyses 9 " 1 2 ' , and we can extract 
the more definite predictions from the present experiments. 

3 Mixing between vector boson and photon,and effective current-
current interaction 

In our scheme there exist composite iso-vector and iso-scalar vector bosons. (Because of assumption 
(1) only the left-handed ones are relevant here). We shall consider the mixing among their neutral 
members ( W ' 3 \ W' 0 )) and the photon A^°\ extending the current mixing scheme discussed extensively 
by Hung and Sakurai 1 3 ' 1 4 ' . The effective Lagrangian density relevant to this mixing mechanism is given 
as 

L = « # , * # „ , - i ^ A f ^ + ^ J ; (7) 

< „ = IFW,W<$.,W}2>), <£ = (A<°>, W ^ . W ^ ) , 31 = (eJ™,9TJ!\gsJf;0), 

( 1 A T A s \ / 0 0 0 \ 

A T 1 0 , M- = I 0 m\ 0 , 
As 0 1 / \ 0 0 m | / 

i*? = M«0 )-auy>etc., 
where J^ 's are the ordinary quark or lepton currents except the new additional iso-scalar one J^ ,the 
M 2 - te rm represents the bare mass and the if-term corresponds to the kinetic energy and the mixing 
interactions among the relevant fields. The coupling parameters appearing in (7) are restricted in our 
composite scheme as follows: 

From the line rule —> gr — 9s = 9- (*0 

From the preon electric charge —» A s = (2Qo + l )A T (*T = A). (9) 

The Lagrangian density (7) contains a non-diagonal term in meson fields(/t'-term). Through this diag-
onalization procedure (by a non-orthogonal transformation), the physical diagonalized fields are repre
sented by some linear combination of the fields as 

{A„, Z,„ V„) = Linear combination of (A™. H-'"', W™). (10) 
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Accordingly these physical vector meson fields couple with the respective corresponding linear combina
tion of the original currents. 

Our relevant effective neutral current-current interactions are obtained through a virtual exchange 
of the above physical vector mesons. As is wellknown, the interactions obtained in the case of only 
two mesons Wp and AJ, the asymptotic SU(2) symmetry among the coupling constants g? and 
e, are identical with those in the S M 1 4 , 1 5 ) . In our case there exists another bare iso-scalar particle 
Wf'correspondingly an additional physical neutral particle V^ .Thus our effective interaction include 
the extra terms due to the exchange of this V particle. Through this process we also require ti,e relation 
among the running coupling constant as 

e(mw) = Kmw)g(mw), (11) 

at the region of gjj w m^,, (q^ momentum carried by the meson). In the following we shall treat the 
mass 7ns(mv) of W'°'(K) as an independent parameter from mr .although in the limit of strict quartet 
symmetry ms should be equal to TOT .Needless to say in the limit of ms —* co our interactions reproduce 
the results of SM. 

Concerning the charged current-current interactions our scheme gives the identical results to the SM. 
Thus we also have the relation 

where Gp denotes the Fermi coupling constant. 

4 Lower limit of mass for the extra neutral boson 

In this section we shall present the results of our analysis by applying our scheme to 1) the mass 
relation between W and Z, and 2) the low energy neutrino-hadron scattering. First we summarize 
how our parameters introduced initially in Eq.(7) are restricted through the physical considerations 
mentioned in the last section as 
9T,9s,^s = (2Qo + l)\;mT = myy,ms, AT = A, 
I line rule (gT = gs = g) 
g,A,Q 0 ,TO S , 
J asymptotic SU(2) symmetry 

9,Qo,ms, 
I charged current relation (-£ = 55J7-) 
Qo,ms{mv). 

Thus we take Qo a^d ms (or my ) as our final two free parameters. 
1) The mass relation between W and Z: This relation is generally represented in terms of A and ms. In 

the limit of nis(°r my)=oo , our relation coincides with the SM one. In this case, if we use to determine 
A the experimental Gp value and the running value of fine structure constant a(mw) = 1/128, the 
recent experimental value mz — 91.17±0.18GeV 1 6 ) corresponds through the relation to the value m\y = 
79.59±0.22GeV, which is consistent with the experimental one, mw — 80.0±0.2±0.3±0.5GeV"(CDF) 1 7 ), 
m\y = 80.0 ± 0.4 ± 0.4 ± 1.2GeV(UA2)1BK In the general case with a finite mv.we have shown the 
situations in Fig.2, where the predicted value of mz as a function of my is given for the various case 
of Qo and the fixed value of m\y — 80.0GeV. From this figure we may conclude that our predicted mz 
value is consistent if the V particle is somewhat heavier than the Z particle. 
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2) Neutrino-hadron scattering: There results of our analysis are shown in Fig.3, where our predicted 
value of the phenomenological parameters, £L{U), £/,(</),£R{U) and CR(<1), are given as a function of my 
and Qo- There the experimental values, EL{U) = 0.339 ± 0.017 l 9 ) ,E t(<0 = -0.429 ± 0.014 1 9 ' , are also 
shown. From this figure we may conclude that the existence of our extra neutral boson is permitted from 
the low energy scattering experiments if its mass is somewhat is larger than the limit my w 65006^, 
which is slightly dependent on Qo. 

The analysis of the cross sections and the forward-backward asymmetry in the scattering processes as 
e + e~ —» /i +/J~ or e + e _ will be treated elsewhere. 
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Spin / h Charge Color B - i | f l « 2 o = - l / 2 ) i Wo = -1 /2) 
F. 1/2 1/2 1/2 <?o+l 1 2Qo + l 0 0 
ft 1/2 1/2 - 1 / 2 <3o 1 2ft ,+ 1 0 0 

c 0 0 0 Oo + l/3 3" 2Qo + 2/3J - 1 / 3 0 

s 0 0 D <?o+l 1 2<3o + 2 j 0 1 

Table I. Qualum numbers of the preons. 

F, C and 5 belong to the fundamental n representation of a hyper-color local gauge group 
SU(n). 
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Exotic Composite Particles in the TeV Region 

Keiichi Akama 

Department of Physics, Saitama Medical College, Moro.yama, Saitama, 350-04 

We investigate properties of exotic bosons in the subquark model. Using 
the results of typical dynamical models, we examine the restrictions on their 
masses and coupling constants from the presently known experiments. 

This talk is based on the recent work on exotic composite bosons in collaboration 
with T. Hattori and M. Yasue. Proliferations of the color triplets and weak iso-
doublets seem to suggest a further fundamental layer of matter, the subquark (or 

2 3 4 
preon)."' ' In this picture, quarks q and leptons I are composite such that 

q ~«'c or whc, I ~ we- ' or u'fec , (1) 

where w, h, c, and c- ' are the subquarks carrying the weak isospin, the generation 
quantum number, the color, and the leptonic color, respectively. The weak bosons 

3 
Wp, Higgs scalars <j>, and even photon A^ and gluon G" could also be composite. 

W^ ~ whlflriwv <f> ~ wLwR, Gl ~ c^A-c , A^ ~ syQ^, (2) 

where s = («>, h, c, c' ') and Qs is the electric charge of the subquark s. In the fol
lowing, we consider weak bosons as composite, but gluon and photon as elementary. 
The composite models predict various new phenomena at. as high energies as the com-
positeness scale. New exotic and excited states would appear, the scattering cross 
sections would deviate from their standard model values due to their size effects, 
and subcjuarks would develop jets consisting of quarks, leptons and intermediate 
bosons. From the argument on unnaturalness in the mass renormalization of the 
Higgs sector in the standard model, the scale of new physics can not be much beyond 
the TeV region. If the compositeness is responsible for avoiding the unnaturalness, 
the above mentioned phenomena would be observed in this region. In particular, we 
expect that the neutral exotics can be observed at comparatively low energies. We 
consider, as examples, color-singlet gluon G'°, leptonic gluon 6'j , ' , iso-singlet weak 
boson WV, and heavy photon A*^ such that 

6*2 ~cV, G|/>~c«VW, Wl ~ « V W ^~(*7„Q,«r- (3) 

Then, we examine the possibilities to observe their effects in the energy regions of 
the present e+e" - colliders, TRISTAN, SLC and LEP, and the future TeV e+e~ -
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colliders, JLC, TLC, and CLIC. The neutral exotics would exhibit their effects also 
in pp scattering, neutrino scattering, the anomalous magnetic moments of leptons 
and the Z - boson mass deviation via mixing. Among them, the neutrino scattering 
places the most severe restriction on their masses to be larger than a few hundred 

9 

GeV. The same restriction arises for the extra Z bcson(s) in the grand unified 
models and superstring - inspired models. However, some of the neutral exotics 
(e. g. the singlet gluon and the heavy photon) in the composite models decouple 
from neutrinos at low energies, and are free from the restriction. 

The properties of the exotic composites should be derived from the subquark 
dynamics. We consider two typical models; (a) that of the Nambu-Jona-Lasinio-
Bjorken type , 1 1 1 2 and (b) SU[2)L x U(l) x U(l)' gauge model. 1 3 '" ' 1 5 The details 
of the theoretical formalism are given in Ref. 1 and 16. Both of the dynamical model 
lead to the following mixing and interaction Lagrangians, 

1 1 1 
Cmix = -r/A'^W^ - - A ' / l ' ^ - - A " W ^ + A M ! ^ , (4) 

Cint = ejrA', + 9JlWl + 9vJlX (5) 

where B — 'd„Bv — $„£„ for the vector field B„ in general, e is the electromagnetic 
coupling constant, g is the weak coupling constant, g is the coupling constant of 
V , J^n is the electromagnetic current, and Jjj is the neutral component of the 
weak isospin current. The current, mixing parameters A, A' and A", the mass mixing 
parameter AM 2 in (4), and the form of the current J* in (5) depend on the species 
of the exotic boson, and given as follows, 
i) color singlet gluon: 

X = e/g, X' = eQjg, A" = 0, AM 2 = 0, / J = JJ, (6) 

ii) leptonic gluon: 

X = e/g, X = eQifJgv, A" = 0, A M 2 = 0, J^ = J^, (7) 

Hi) iso-singlet weak boson: 

X = e/gt X' = e(Qwl+Qw2)/2gv, X" = 0, AM 2 = 0, J* = J< + J«, (8) 

iv) heavy photon: 

\ = e/g, A' = e / 5 , A" = 0, AM 2 = (gv/g)M?v, J* = J*, (9) 



or equivalently 

\ = e/g, X' = e/gv, \" = gv/g, A M 2 = 0, j j = J™, (10) 

where Mw is the mass of the W boson, .7 ,̂ J^, j j , and J^ m are the quark num
ber current, lepton number current, weak hypercharge current, and electromagnetic 
current, respectively, and QwV Qw„ Qc, and Q are the electric charges of the 
subquarks wv wv c, and c , respectively. In the standard charge assignment, 
Qwl = — Qw2 = —Q ... = 1/2 and Qc = 1/6. The unification condition A = e/g 
which is phenomenologically necessary, and conjectured in the models of the type 
in Ref. 17 is derived as a consequence of the subquark dynamics. The fact that A' 
has the form e/g„ x (subquark charge) can be taken as a general consequence of 
the dynamics which respects the relation A= e/g. It is remarkable that both of the 
different dynamical models lead to the same results. 

The mixing is diagonalized by the transformation 

-A' \ / A „ \ 

f^cosf l / \ x j 

where the diagonalized states, Ap, Z^ and A'̂  are interpreted as the physical photon, 
Z boson and extra vector boson, respectively. The masses should have the relation 

[1 - (1 - A 2)M|/M&][1 - (1 - \-)M2

x/M&] = -(A" - AA')/A, (12) 

where 

A = 1 - A 2 - A ' 2 - A " 2 + 2AA'A". (13) 

The A, A', and A" are written in terms of the coupling constants e, g and gy as in (6)-
(10). Among them, e is precisely determined by experiment. We use the value such 
that a = e2/47r = 1/137.036(1 - Ar), where Ar = 0.058 is the radiative correction 
term with the top mass mt = 100 GeV and the Higgs mass MH = 100 GeV. The 
coupling constant g, is related to Mw by g = (4y/2GF)ll2Mw, where the Fermi 
coupling constant Gp is precisely determined by /? decay experiments. Thus, for a 
given set of Mwz y , we can fix gy by (12) and can calculate any physical quantities 
in terms of them. 



Now, we consider the restrictions from presently known experimental results. 
We use the following numerical values. 1) weak boson masses: M = (80.00 ± 
0.56)GeV, and Mz = (91.09 ± 0.06)GeV, ' (as the averaged values). 2) neu
trino scattering: sin" 6W = .2283 ± .0048 from up and Dp scattering, and sin 2 6 = 
.2271 ± .0143 from ve and j/e scattering, where the sin" &w is determined by assum-
ing the standard model."" 3) Bhabha scattering: A i > T.lTeV, where A i is the 
compositeness scale for current x current interactions with the vector coupling." 
4) pp —» X + anything, X -* e + e ~ : The bound on the coupling strength mul
tiplied by the decay branching ratio B(X -* e+e~) given hi Fig. 5(b) of Ref. 
24. 5) pp —*• A' + anything, X -* J J ( J denotes a jet): The bound on o-(pp -* 
X + anything)B(X — J J) given in Fig. 3 of Ref. 25 for Mx = 160 ~ 400GeV 
together with its linear extrapolation in the neighboring region, where or and B de
notes the cross section and the branching ratio, respectively. 6) The constraints 
from anomalous magnetic moments of the electron and muon are less restrictive than 
the above bounds. The values in 1) above allow M~. and M inside the ellipse in 
Fig. 1 (up to 95% C. L.). The dot - dashed curve in Fig. 1 gives the kinemati-
cal limit such that only M and M_ below (above) it are allowed for My > M 
(My < M„). The other experimental bounds place further constraints depending 
on the species and mass of the exotics. For example, consider the color singlet gluon 
with Mx = 150GeV. The cross section a(pp —* X + anything)B(X —* e+e~) calcu
lated in our model for M.y and M„ below the short - dashed curve in Fig. 1 does not 
satisfy the bound in 4) above. Similarly, the bound 5) forbids Mw and M above 
the dotted curve while the bound 3) forbids those below the long -dashed curve. On 
the other hand, the bound 2) places no further restriction. Thus, the shaded region 
in Fig. 1. is finally left allowed. We repeat this procedure for each exotic boson at 
each M. . and map each region into the M „ - g.r (Fig. 2) planes. The shaded regions 
are allowed. 

Since the mixing parameter A' is proportional to l/gv, a too small gy causes 
too large mixing, and is forbidden. The coupling, gy, is bounded from the above if 
the exotic boson F„ directly couples to the particles in the reaction channel, while it 
is bounded from the below if it couples only through mixing. An advantage of the 
current mixing representation in (6)-(8) and (10) without mass mixing is that the 
extra, neutral - current interaction at low energies is simply proportional to ( J ^ ) 2 . 
It is obvious from the form of j j that the singlet gluon and the heavy photon do 
decouple from neutrinos at low energies, but the leptonic gluon couples. In fact, 
the vp, Pp, ue and ve scatterings place the restriction on the leptonic gluon mass: 
Mx > 390GeV (Fig.2(c)), and, when combined with the bound from e+e~ —• e+e~, 
Mx > 450GeV is required. On the other hand, for the singlet gluon, the allowed 

region lies between the bounds from e + e ~ —>• e+e~ and from pp —» J J H , which 
leaves the possibility of the smaller mass as My > 126GeV, and, for heavy photon, 

— ?fi9 — 



the allowed region lies between the bounds from e + e~ —* e+e~ and from Mw„, 
which imposes no essential lower bound on vVf . We hope that these particles are 
tested by experiments with e+e~ TeV colliders in the future. 
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Expected SUSY Mass Reach at Various Colliders 

K. Fujii and T. Tsukamoto 

National Laboratory for High Energy Physics(KEK), Tsukuba, 305, Japan 

In order to set the energy scale for JLC to cover, it is important to examine current 
mass limits, which may constrain SUSY particle masses within the minimal model, 
and mass reach expected for rival experiments such as SSC and LIIC. We review 
current mass limits obtained at present e + e~ and pp colliders and examine mass 
reach expected at near future (LEP,SLC,TEVATRON) and future (LIIC,SSC,JLC) 
machines. 

1. Introduction 

JLC, being a TeV machine, should be a discovery machine as well as a precision 
machine. What we expect to discover depends on one's taste but SUSY is certainly 
one of the most popular choice. SUSY allows us to resolve the naturalness problem 
inherent in GUT scenario and provides us a way to extend the unification program 
to the bitter end (inclusion of gravity and even non-gauge interactions(Higgs and 
Yukawa forces) as expected in the super-string theories). If SUSY is there, JLC 
should be there to get it. Natural questions to arise here are (i) where it is and (ii) 
how it appears. In addition, we should ask (iii) whether JCL can be competitive 
with other rival machines such as LIIC and SSC. To provide inputs to the minimum 
model to be used by Kon and Jimbo in the next talk to constrain masses of various 
SUSY particles, we review current mass limits and expected mass reach at future 
experiments. 

The model we use is the N = 1 minimal SUSY standard model(MSSM) in which 
each ordinary particle has its supersymmetric partner(sparliclc); sleptons( / /,/yi), 

squarks(g t/;i), charginos(W_,W+), neutralinos(Zi~4), and gluino(g). In addition, 
the model requires two Iliggs doublets which leave, after spontaneous symmetric 
breaking, two neutral(//j,//fc) and one charged(// ±) scalars and one pseudoscalar(/>) 
as physical Iliggs particles. The masses and interactions of sparticles are specified 
by four parameters; common scalar mass(mo), gaugino mass at MCUT{M), higgsino 
mixing mass(/z), and the ratio of two vacuum expectation values(«2/wi = tan/?). 

We also assume exact Tt-parity conservation which implies that (i) the lightest 
supersymmclric parlicle(LSP) should be stable and weakly interacting, (ii) sparticles 
must be pair-produced, and (iii) sparticles must decay into lighter sparticles. Most 
probable candidate for the LSP is Z\ which can be a photino if light enough. In a TeV 
region, one should remember that Z\ is in general a complex mixtures of photino, 
zino, and higgsinos. 
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2. Current Mass Limits 

2.1 e + e - Colliders 

The best limits on non-slrongly interacting sparticles come from TRISTAN ex
periments. Figs.l-a to -e show the 95% CL limits1'1 in the m~-m~ plane obtained 
from acoplanar lepton pair searches. Similar plots for squarks are given in figs.2-a 
and -b which resulted from acoplanar jet searches. Chargino mass limits depend on 
decay branching fractions as well as m~. If we assume equal branching to e, /i, and 
T, the limits a are as shown in figs.3-a and -b. Without this assumption, the limits'21 

become m ~ £ 25.5 GeV for m~ & 10 GeV. 
W- "I 

We may summarize these mass limits as m~ £ (0.8 ~ l.Q)-Eteam where X stands 

for / , q, and W— The limits are from searches for missing pj> signals assuming 
LSP =7 . The assumption, Z i=7 , is not essential except for single 7 experiments. 

2.2 pp Colliders 

Assuming zero photino mass, UA1' presented selectron mass limits as a function 
of snculrino mass as shown in fig.4. As for strongly interacting sparticles, we have 
limits from CDF (5 |(see fig.5) which assumes direct decays of q and g to the LSP(7). 
Branching fractions for squark decays are given in figs.6-a to -d as a function of m~. 

Notice that, for qR accessible at present hadron colliders, the cascade decay is not 
important. Direct q^ decay, on the other hand, is strongly suppressed already at 
TEVATRON energy. When the cascade decays are taken into accout, q limits are 
reduced typically by ~ 10 GeV. Effects of cascade decays are more dramatic for g 
as indicated in figs.7-a and -b. The gluino mass limits as a function of the higgsino 
mixing mass is shown in fig.8. UA2 set chargino mass limits as a function of m~ 

(see fig.9) by looking for acoplanar electron pairs from Z —»W_W'r_—* e ^ e - v v. 
These limits disappear, however, if m~ > m - as in most of popular models. BUT 
translates W —» Lv limits into m~ limits. As shown in fig-10, their limits are 
weaker than the TRISTAN limits. 

3. Pre-Super-Collider Mass Reach 

3.1 e + e - Colliders 

LEP-I/SLC(v/s ~ 100 GeV) have alredy started operation and LEP-IKVs ~ 
200 GeV) will be ready in three years. Extensive studies have been made for SUSY 
search at these machines1"1. The resultant discovery limits for various SUSY particles 
are summarized in table 1. SUSY search strategy at these machines is similar to that 
at TRISTAN and their mass reach is, roughly speaking, m~ }& (0.8 ~ 1.0) • Ebeam. 

3.2 pp Colliders 
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Before super hadron colliders, high luminosity TEVATRON(L ^ 5 x 
10 3 1 cm s ) should be the most powerful tool to probe strongly interacting sparti-
cles. q mass reach will exceed 200 GcV, since g/j—> q Z\ dominates (only ^ ' s cas
cades). For g, cascade decays dominate and its signal is n jcls(n > 4) + missing px-
Total cross sections for such events are depicted in figs.ll-a and -b as functions of 
m~. With an integrated luminosity of 10 2 p b _ 1 , m~ up to 180 GeV or so could be 
probed. 

3.3 ep Collider 

Most promising processes at HERA arc qe —></<;,*qv. With 200 p t _ 1 , mass reach 
expected ° are m~ + rn~ ^ 180 GcV and m~ + m~ & 130 GcV. Comparing these with 
LEP/SLC and TEVATllON mass reach, we may conclude that HERA is probably 
not a discovery machine. 

4. Super pp and e + e ~ Coll ider M a s s R e a c h 

4.1 e+e~~ Colliders 

Figs.l2-a and -b show production cross sections for slepton pairs and chargino 
pairs as functions of y/s. These cross sections are not very different from lowest order 
QED cross sections (dotted lines) and comparable with heavy lepton pair produc
tion case. Decay branching fractions , 0 for sleptons are given in figs.l3-a to -h for 
several parameter choices. Inspection of these figures tells us that cascade decays 

are dominant for //, but not very much so for I a unless m- = m~ ^ 500 GeV. 
Therefore missing pr is not too bad for slepton search. In most of the parameter 
space, W- and Z2 are relatively light. They are thus expected to decay directly 

into the LSP as W-—» W Z\ and Z2-* / / | Z\. Missing px signature is valid for 
them. Expected mass reach for these particles are m~ + m~ ^ (0.8 ~ 1.0) • y/s 

Z\ Zi 
and m ~ ,m~ £ (0.8 ~ 1.0) • y/s. For the heavier chargino and neutralinos, cascade 
decays dominate and reduce missing pr- In this case, their signature is W and Z in 
the final states. 
4.2 pp Colliders 

Most of feasibility studies"" made for LHC or SSC assume direct decays which 
are unrealistic for high mass q and g as already mentioned. The resultant mass 
reach ranges from 1.0 to 2.0 TeV could be loo optimistic. But be optimistic for rival 
experiments (that means be pessimistic for JLC). In even more optimistic cascs( 
rather artificial choice of SUSY parameters ), hadron colliders might be able to reach 
m~ £ 300 GeV or m ~ ^ 450 GeV, though their detailed studies should rely on 

super e + e ~ colliders. 

5. Conclusion 

No SUSY signatures have been observed at currently working colliders. The 

present lower mass limits of charged SUSY particles such as W- and / ranges from 
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25 to 30 GeV (TRISTAN limits) which are largily model-independent. The limits will 
be soon moved up to about A/JJ/2 by SLC and LEP, since their preliminary results 
show no significant deviations from the standard model. The searches at present e + e~ 
colliders arc based on missing pr signals. The validity of this search method persists 
at JLC for low mass SUSY particles such as W— and Z2 since they arc expected to 
decay directly into the LSP=/?i- Other SUSY particles cascade-decay in general and 
the power of the py signals might diminish. Anyway SUSY searches at e+c~ colliders 
are clean and allow us to probe sparticles with masses up to almost beam energy. On 
the other hand, hadron collisdcrs can copiously produce strongly interacting SUSY 
particles such as (7 and g. Their lower mass limits set by CDF at TEVATRON are 
in the range of 50 to 70 GcV and the search will be extended up to 200 GeV in near 
future. However, one should notice that these strongly interacting sparticles tend to 
cascade-decay and missing pr signals could be degradaled. As a matter of fact, the 
cascade decays are already important at TEVATRON. The expected mass reach of 
over 1 TcV at LUC and SSC is somewhat too optimistic in this sense. We need to 
study effects of cascade decays on SUSY signatures. SLC and LEP experiments could 
find some hints of SUSY even if they fail to produce sparlicles. It could be a light 
Iliggs particle or a N„ slightly larger than 3. We hope JLC, a super e + e~ collider, 
becomes a SUSY collider. 

REFERENCES 
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2. TOPAZ collab., KEK 89 31. 
3. Talk given by E. Loe, 1989 EPS conference in Madrid. 
4. UA1 collab., CERN-EP/87-163 
5. Talk given by T. Devlin, 24-th Int. Conf. on High Energy Physics in Munich. 
6. UA2 collab., Phys. Lett. B195(1987)613. 
7. II. Baer, K. Ilagiwara and X. Tata, Phys. Rev. D38(1988)1485-
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9. H. Komatsu and R. Ruckl, DESY 87-088. 

10. H. Baer et al, ANL-HEP-PR-88-24. 
11. R. Bailey, CERN-EP/88-19. 

Sparticle Mass Reach(GeV) Machine 
e 57 (90) LEP-I (LEP-H) 

40 (B5) LEP-1 (LEP-II) 
T 40 (80) LEP-I (LEP-H) 
W_ 40 (BO) LEP-I (LEP-H) 

60 (90) LEP-I (LEP-n) 
Table 1 
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Theoretical Upper Bounds on Sparticle Masses 

TADASHI KON and MASATO JIMBO* 

Faculty of Engineering, Seikei Univezsity, 
Tokyo 180, Japan 

and 

Department of Physics, Rikkyo University*, 
Tokyo 171, Japan 

Abstract 
The theoretical upper bounds on the masses of superpartners (sparti-

cles), which are obtained by qnantitive investigations of the naturalness 
criterion, are reviewed in order to discuss the beam energies at e+e~ col
liders needed to prove or disprove the supersymmetric standard models. 
The possible experimental bounds on the SUSY parameters obtained at 
various future colliders are also argued. 

— 280 — 



The standard model (SM) for the electioweak interaction has been 
established in agreement with the present particle physics data. A natural 
extension of the SM is the grand unified theories (GUTs) in which the 
gange gronp is enlarged to incorpolete the electroweak and the strong 
interactions into the only one gange force. It is, however, welknown that 
the SM rednced from the GUTs has some theoretical defects. First, we 
can not explain why there exist extremely different two mass scales, the 
weak scale Mw ~ 10JGeV and the GUT scale Mx ~ 10ltGeV, it is so 
called the hierarchy problem. Second, the gravity, the remnant of the 
four fonndamental interactions, has yet not been able to be unified. 

The supersymmetry (SUSY) which is the idea of making relationship 
between fermions and bosons has been introduced into the elementary 
particle physics in order to cnre the naturalness problem originated from 
the hierarchy problem. After that, moreover, it has been realized that 
the localized SUSY inevitably includes the gravitational interaction. Ac
cordingly, it is thought that the SUSY is the essential idea needed for us 
to give a unified picture of the physical world. 

The low energy effective theories in the present SUSY unification sce
nario are the SUSY standard models1* in which the ordinary particles; 
gauge bosons, matter fermions and Higgs scalars, are accompanied by the 
superpartners (sparticles). The spin of the sparticles is different by one 
half from corresponding ordinary particles and the masses are thought 
to be less than O(lTeV). The upper bounds on the sparticle masses are 
settled from the naturalness criterion, 

6mB < mB, (1) 

where mg denotes the masses of the elementary Higgs scalars and 6ms 
is radiative corrections to mB. In SUSY theories, one-loop radiative 
corrections 6mB are proportional to the differences between fermion and 
boson masses squared where SUSY is broken : 

6mB = 0{^)\mB-m1

r\. (2) 

Comparing Eq.(l) we see that for SUSY to provide a solution to the 
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naturalness problem we need 

| m\ - mF |< 0(lTeVy. (3) 

Therefore sparticle cannot be very heavy if they are to solve the natural
ness problem. 

In the framework of the minimal SUSY standard model induced from 
snpergravity GUTs there exist arbitrary parameters (SUSY parameters) 
which are related to masses and mixing angles of the sparticles. Since the 
valnes of these parameters are closely related to the choice of the model 
at the high energy scales Mx or Mp, the experimental determination of 
the SUSY parameters will be enable us to select a unique SUSY model 
at high energy scales. 

In this context, Japan Linear Collider (JLC) planed at KEK will play 
an important role in SUSY phenomenology. If SUSY will have not been 
verified at the present or near future colliders; TRISTAN, LEP, SLC, 
Tevatron and HERA, JLC will have chance to prove or disprove SUSY 
with its TeV colliding energies. On the other hand, even if the sparticles 
will have been discovered at TRISTAN, LEP, SLC, Tevatron and HERA, 
it remains to JLC to determine the SUSY parameters experimentally. 

The purpose of the present talk is to examine the beam energies at 
e +e~ colliders needed to prove or disprove the SUSY standard models. 
This is acomplished by qnantitive analyses for the naturalness criterion 
Eq.(3). The possible experimental bounds on the SUSY parameters ob
tained at various future colliders including JLC are also investigated. 

In the first part of this talk, we review the upper bounds on the 
sparticle masses '). The SUSY parameters with dimension of mass in 
the minimal SUSY standard model are the soft breaking scalar mass m, 
the soft breaking gaugino mass M and the Higgs mixing mass p., and 
dimensionless one are the scalar trilinear coupling constants A and B. 
It is thought that the electroweak symmetry breaking scale, or the Z*-
boson mass, is a function of the SUSY parameters a; = (m,M,p,A,B) 
and the top quark Yukawa coupling yt ; 
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Mi

z = Ml{ai;yt). (4) 

This function mnst inclnde all one-loop lenoimarization effects. By ex
plicit calculation, Eq.{4) exhibits the featnie that a consistent lange of 
parameters allow arbitrarily heavy sparticles, still keeping Mg fixed. In 
fact, in this limit, the theory nnder consideration can be thought of as 
a physically regularized version (with respect to quadratic divergences) 
of the standard model Lagrangian. On the other hand, this is achieved 
only at the price of an unnatural fine tuning among the physical param
eters of the theory. In order to avoid this tuning we impose following the 
naturalness criterion, 

< A, (5) 

for every a,-, so that a percentage variation of any of the parameters a; 
does not correspond to a percentage variation of M | more than A-times 
larger. The inequalities (5) can be converted into upper bounds on all 
dimensional parameters of the theory and therefore on all sparticle masses 
in terms of the mass relations 3-* such as 

m\B = m 2 + -—aafiM* + cos 2$M\ sins 6W, (6 - 1 ) 
* 10T 

m i a = TO' + h a G ^ Z + lfx)M' + C ° S 2 / 3 M Z r l •"' *») ' < 6 ~ 2> 
m i = Z3M, ( 6 - 3 ) 

and 

-J{Mj - i&Y + 4mJlr(mJ

y cos 20 + Jtf + * i + 2M 2 / t Ji sin 20)], 
( 6 - 4 ) 

where Mj and PR are the renormalized mass parameters. The calcula
tion al results are depicted in Fig.l [Fig.2 in fle/.2)). In this calcula
tion, A=10 is adopted. We see from Fig.l that the selectron e and the 
lghter chargino x* has low upper bounds; m; < 300 — 4Q0GeV and 
ro;± £ 200GeV, respectively, for the range 70GeV.< TO« £. ISOGeV. 

a,- gM|(ai;g t) 
Ml d<n 
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In the second part of this talk we examine the possible experimental 
bounds on the SUSY parameters m, M and p. Expected bounds obtained 
at the future colliders; LEP-200, npgtd.ded-Teva.tion, SSC and JLC, on 
the masses of the sparticles are collected by K.Fujii and T.Tsukamoto in 
their talk at this workshop. We calculate the bounds on the SUSY param
eters m, M and /t with dimension of mass using the the expected donnds 
on the sparticle masses as input of Eqs.(6). The gluino g production at 
pp colliders can put the largest lower bound on the gaugino mass M. In 
Fig.2, m/ji as functions of mt are dipicted, where the parameter ft, is 
denned by £ = (M' — M|±)/M„,«. For simplicity, we set M m „ = lTeV 
and assume Mj = lOOGeV and Mj± = 80GeV. The bounds on m is ob
tained by analyses of the selectron e (squaik q) production at e + e" (pp) 
colliders. The bound on p can be obtained by analyses of the chargino 
X* production at e +e~ colliders. We find that JLC will compete with 
TeV hadron colliders such as SSG in detenmnation of the soft bieaking 
scalar mass nt. It is noted that in this analyses we assume the discovery 
limits for Bqnark masses at SSC are iOOGeV. If the limits are increased 
the possible bounds at SSC will exceed those at JLC. On the other hand, 
JLC will be better than the hadron colliders for determination of the 
Higgs mixing mass fi, because the chaiginos jf* (or the neutralinos x') 
are easier to be discovered at e +e~ colliders than pp colliders. 

To conclude this talk we emphasize that JLC is an excellent machine 
in SUSY searches in its big energy enough to prove or disprove the SUSY 
unification scenario. It is important, moreover, that JLC is advantageous 
to determine the SUSY parameters experimentally and in turn to give 
usefull infoimation in selecting the unified modeb at very high energy 
scales. 
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S U S Y and CP-Violation at JLC 

Yoshiki Kizuknii 
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Abstract 

CP-violation phenomena which could be observed at JLC are dis
cussed within the supersymmetric standard model. 

It is an interesting question whether the future high energy colliders like JLC 
can discover the violation of CP or not. If the Cabibbo-Kobayashi-Maskawa matrix 
is the only viable mechanism of CP-violation, it may be quite difficult to observe 
it by JLC. On the contrary if the standard model would be extended and a non
standard mechanism of CP-violation could be viable, we can hope to find new 
phenomena of CP-violation at JLC. In this talk the supersymmetric standard model 
[1, 2] is considered as an example of a model giving a non-standard source of C P -
violation, and possible CP-violation phenomena in SUSY are dif cussed. 

It is well-known tha t the supersymmetric standard model has new sources of 
CP-violation [3-9]. They are coining from the mass matrices of SUSY partners, 
and produce complex coupling constants. For example, the non-diagonal coupling 
of the charginos ( w^.i ) with Z is 

Lint(i»h,i ~Z) = eZ^wKf^GzPL + GRPR)wi + h . c , (1) 

where PL,R = ( I T 7 S ) / 2 | and GL,R aie the complex coupling constants which 
are obtained from nnitay matrices diagonaiizing the chargino mass matrix. The 
coupling of the neutralino (\i; i = 1 ~ 5) with Z is 

Lint(Xi,i ~Z) = -r^-XHniOzPi, - rnmO'zPR)ijXj, (2) 
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where N is a complex orthogonal matrix diagonalizing the neutralino mass matrix 
Afjy as 

N'MjyN = diag(7ni, ni2,7713,114), 

and rji is a C- parity of %»• The neutralino interaction with I is also given by the 
matrix N as 

Iint(xi -l-l) = yfiedPxiPLl- V2eDrieXiPRl + h.c; 

Ci = ^7T(Nu+N2it*.nOw), Di = -^—N2i. ( 3 ) 

2 sin 0w cos 0\y 

It was shown by many authors [3-7, 10-12] that these complex couplings pro
duce a large electric dipole moment of the neutron (EDMN). The recent experimen
tal upper bounds [13, 14] are 

<£„. < 2.6 x 10 _ 2 5 e • cm, (Leningrad 1986) 

= -0.3 ± 0.4 x 10~ 2 5e • cm, (Grenoble 1989) 

which constrain the phases of the couplings, and the masses of SUSY particles. For 
the neutralinos, we have 

lOOGeV^Awij T ,„ ,„ 5 
• \ v Tm I AT..( TT. • J • 

3 (4) 
> - : — x Jm(Nv{Nu + -ian6wN2i)) < l (T a ; 

A in; /2 = m; — m^, 

where m„ is the scalar u-quark mass, and mx is an average value of the neutralino 
masses. If the imaginary parts of the clments of N are of order unity, and the 
neutralinos have masses of order 100 GeV, the scalar quarks have to have masses 
of order 1 TeV. The contribution of the winos to EDMN is very similar to that of 
neutralinos, and we have a similar constraint to (4). 

One of the phenomena induced by the non-vanishing value of the relative phase 
between the coupling constants is the threshold behavior of the production cross 
section of the neutralinos Xi,j (• 7̂  J) by s-channel exchange of Z-boson and t-channel 
exchange of the scalar electrons [15]. Since the neutralinos aie Majorana particles, 
the final state oixiXj i s a n eigenstate oiGP. Therefore they are produced in either 
S-wave state or P-wave sate according to the sign of JfrJ?,- if CP is conserved. If CP 
is not conserved, the production cross section behaves like a mixture of S wave and 
P wave. As an example, the cross section is calculated in a case of m,- = 130 GeV 
and VHJ = 70 GeV in Fig. 1 and Fig. 2. The mass of scalar electron is assumed to 
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be 100 GeV in Fig. 1 and 200 GeV in Pig. 2. In both figures IJ,-T/,- is assumed to be 
positive, and the phases of Oz , Ot = C*Cj, and OR = D*Dj are set at the same 
value of 6 for simplicity. It can be seen in both figures that the behavior of the cross 
section depends strongly on the phase 8, and shows the violation of CP indirectly. 

The other CP-violation phenomena expected in the future high energy e + e _ 

machine are T-odd asymmetry in various reaction processes [16-19]. In the process 
e + e ~ —» w^ + w^ [16] mediated by Z-boson, the relative phase Se between GL and 
GR forces its cross section to contain a term, 

((9l)2 ~ (gR)2)\GL\\GR\SmSc[Sh • (p_ x p k ) ] , (5) 

where SH and p t are the spin and the momentum in CM system of w^, and p_ is the 
momentum of the initial electron. Clearly the vector product Sfc • (p_ x p j ) violates 
T, and we could anticipate to observe a T-odd effect. After the wino decays into a 
charged lepton and neutral particles, there will be a T-odd correlation between the 
momenta of the charged leptons from wj and wjj", p i and pa, and p _ ; 

A = dtrzjp- • (p i x p a ) > 0) - A r z ( p _ • ( p t x p 3 ) < 0) 
T dvz{V- • (Pi x p 3 ) > 0) + d<rz(p_ • ( P l x p 2 ) < 0) ' 

Similarly T-odd effect results in the production process of two different neu-

tralinos XijXj ^v e + e ~ annihilation mediated by iT-boson [19] from the term in the 

cross section 

((f l i) 2 - (9R)2))\Oz\2sin26zmj[Sj • (p_ x p,-)], (7) 

where Sj and pj are the spin and the momentum of Xi> a n d ^z = arg(Oz)- The 

T-odd asymmetry like (6) may have a non-vanishing value when we observed the 

momenta of l+,l~ from the decay Xi —* ' + + '~ + Xj ( w e assume mj > m.j ) . 

It is well-known that these T-odd asymmetries mean T-violation only at the 
tree level. Because the final state interactions produce T-odd asymmetry at one-
loop level or more, we can not conclude the violation of T from the non-vanishing 
value of AT • There could be, however, a way to get rid of the final state interactions 
[20]; that is, taking a quantity odd under CP as well as T. The CP-odd and T-odd 
asymmetry does mean CP-violation because the effect of the final state interactions 
is even under CP. There need a further study to look for the best quantity which 
can be easily tested by JLC. If JLC would reveal that such an asymmetry were larger 
than O ( 1 0 - 4 ) , it could be concluded that there would be CP-violation originating 
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from New Physics beyond the standard model since the standard CP-violation 
model predicts the asymmetry less than 0 ( 1 0 - 4 ) . 
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Fig. 1 The dependence of the neutralino production crossection on y/S in the thresh
old region for mj = 130 GeV , m,- = 70 GeV, and mcL = mcR = 100 GeV. 
The phase 6 is 0, ir/10, 7r/4, and TT/2 for (a), (b), (c), and (d), respectively. 
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Fig. 2 The dependence of the neutralino production crossection on VS in the thresh
old region for m,- = 130 GeV , mj = 70 GeV, and m e i = men - 200 GeV. 
The phase 6 is 0, ff/10, ir/4, and TT/2 for (a), (b), (c), and (d), respectively. 
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Physics Aspects in 7-7 Collision* 

Ryuichi NAJIMA 

Faculty of General Education, Yokohama College of Commerce, Yokohama 230 
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We investigate the possibilities of Higgs boson detection in 7-7 collision using e + e~ 

linear colliders which are now being extensively studied at several laboratories. The 

cross sections of Higgs boson production and main background process are calculated 

and it is suggested that the reaction 77 —» H —* ZZ is very effective to search heavy 

Higgs boson in almost all the mass range from 2Mz to 1 TeV. 

The Glashow-Weinberg-Salam theory [1] of electroweak interaction(we call elec-

troweak theory hereafter) succeeds to describe low energy phenomena and the properties 

of W and Z bosons. But two important entries of the theory have not been yet dis

covered, i.e, Higgs boson and top quark. Especially the former is indispensable to the 

renormalizability [2] and the unitarity [3] of the theory and further its property will offer 

important information for the beyond the standard theories. 

* Work supported in part by the Reseach Institute of Yokohama College of Commerce 
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In the experiment of LEP200, it is known that we can well look for the Higgs bosons 

of the mass below lOOGeV. If the mass is heavier than this, we must leave the search to 

the next TeV-colliders of two different approaches, that is, pp(pp) colliders like SSC and 

LHC or e + e~ linear colliders which are now planned at several laboratories. These two 

ways have complementary aspects, but as far as the Higgs boson search is concerned, 

e + e~ linear colliders have many advantages owing to much less background events. 

It has been known, however, that in the e + e~ linear colliders the brerasstrahlung 

from the high density beam-beam pulse interaction(beamstrahlung hereafter) induces 

large and fractional energy loss to both the electron and positron bunches and becomes 

very serious matter in the TeV-energy collsion. The 7-7 collision is considered to be 

an alternative to compensate this difficulty and the technological feasibility about the 

photon beams are now being studied extensively [4]. Here we discuss the physics aspects 

of 7-7 collision mainly concentrating on Higgs boson production and its detection. 

In 7-7 collision Higgs boson is produced through the 1-loop diagram which contains 

W-boson and fermions(Fig. 1). It is the inverse process of Higgs boson decaying into 

two photons which was first calculated by Vainshtein et al. [5] . In the following we 

calculate the cross sections of processes (a) 77 —» H —* W+W~ (heavy Higgs case), (b) 

77 —* H —• ^(intermediate Higgs case) and their background reactions. 

( a ) 7 7 - > f f - > W + W -

This process is shown in Figure 2 where the 77J? blob denotes the same diagram as 

Figure 1 and we hereafter consider only the contribution of the top quark in the fermion 

loop. 

The amplitude is given as 

where ea and ea are the incident photon polarization vector, e,, and ev are those of 
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the outgoing W~ and W+ respectively. Aap and B,,v denote 77H blob and W+W~H 

vertex. For the total decay width of the Higgs boson Tff, we include the decay modes 

H -> T + T ~ , cc, it, it, W+W~, ZZ depending on various MH and mt. In Figure 3 

the solid curve corresponds to Tg for mt = lOOGeV, and the dashed line to Mg/10, 

the dot-dashed line to Ms/20 and the dotted line to Mff/50 , these line also represents 

^team/5, Ettam/10 and JSt e o m/25 respectively (Beam energy width should be narrower 

than Tg for the signature to overcome the background). From the equation (1), we 

imeadiately get the spherical distribution 

dn (s-Mg^ + T^M^1 < 2 ) 

and ff(s) = Axda/dSl. In the following we consider the signature of Higgs boson only 

for the values of a and da/dil on the pole. In Figure 4 we will give the total cross 

sections for both reactions 77 —t H —» W+W~ and the background 77 —* W+W~ 

[6] [7] . The latter reaction contains three diagrams in unitary gauge(Figure 5) and its 

angular distributions for various v ^ are shown in Figure 6. In Figure 4 the behavior of 

a corresponding to the Higgs boson production depends mainly on the cancellation of 

top quark and W-boson loop in 77JJ blob and we see that the total cross section for 

the reaction 77 —> H —> W+W~ are one order less than that of 77 —» W+W~ around 

250GeV. However the angular distribution shown in Figure 7 indicates that the effects of 

the Higgs boson production can still be seen if we use the cut condition |cosflcAf | < 0.35. 

If the mass of Higgs boson is larger than 300GeV, we should consider the polarization 

of W-boson or the process 77 —» H —* ZZ (the background reaction 77 —* ZZ does 

not occur in the tree level). 

Figure 8 shows that a very peculiar feature happens when MR equals to 7006eV 

with Mr = 200GeVr. This is because that both the real and imaginary parts of 77H 

* W-boBons from Higgs decay are almost longitudinaly polarized, but in the background reaction 
77 -+ W+W~, the ratio of WL to WT is about 1/10(V» = 400GeV) [8]. 

— 294 — 



vertex vanish at the same time(i.e, the decay mode H —> 77 is forbidden) by the perfect 

cancellation between top quark and W-boson loops. These situation convinces us that 

7-7 collision can be a very interesting tool to look into the heavy particles world taking 

various contributions of the loop diagrams into consideration even after both top quak 

and Higgs boson are discovered. 

(b) 77 - • H -> 66 

Figure 9 shows the differentia] cross section for intermediate Higgs boson production 

(Mff = 140Ge V) through the process 77 —* H —» 66. It is found that we can get enough 

66 pairs from Higgs decay(flat lines) compared with the background 77 —* 66 (solid 

curve). However, since the total decay width of Higgs boson is very small(0.7 MeV), it 

seems to be rather difficult to make the energy width of photon beam narrower than 

IV (need for very severe monocromatization [9]) 

We have calculated the cross section of the heavy and intermediate Higgs boson 

production and compared with main background process. It has been shown that Higgs 

boson in the mass range 200GeV< Afj < 300GeV can be detected using the decay mode 

H —* W+W~ only(but we need the narrow beam energy width less than £&enm/20). If 

MB is larger than 300GeV, we should consider the polarization of W-boson or the decay 

mode H —• ZZ, and further, for the case Mg > 600GeV, we may take longitudinally 

polalized Z-boaon to detect the signature of Higgs boson(the ratio of decay width H —> 

ZZ to H —»• W+W~ is 1/2). Therefore I would like to emphasize the importance of 

the calculation to the process 77 -* ZZ for further study of 7-7 collision. Finally it 

should be noted that as the reaction we considered here is "single" Higgs production, the 

particle identification is very easy and clear compared with pp(pp) or e+e~ collisions. 

I would like to thank Y.Shimizu for valuable discussion and suggestions throughout 

this work. I am also gratefull to H.Tanaka, J.Fujimoto and the other members of the 
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theoretical group of TRISTAN. Discuusions about beamstrahlung and technological as

pects of 7-7 collision with S.Kawabata, I.Endo, T.Tauchi and H.Yokoya was very usefull. 

The numerical calculation was performed at the Computer Center of KEK. 
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FIGURE CAPTIONS 

1) Lowest ordder Feynman diagrams for 77 —• H in unitary gauge: fermion loop (a) 

and W-boson loop(b,c). 

2) Feynman diagrams for 77 —* H —* W+W~. ftH blob denotes the same diagram 

as Figure 1. 

3) Decay width of Higgs boson for mt = 100GeV(solid curve) compared with Afff/10 

(dashed line), MH/20 (dot-dashed line) and Afff/50 (dotted line). 

4) Total cross sections for 77 —• W+W~(solid curve) and 77 ~* H —» W+W~ 

(on pole of Higgs boson) for (a)mt=30GeV, (b)mt=60GeV, (c)mt=100GeV and 

(d)m,=200GeV. 

5) Lowest order Feynman diagrams for 77 —»W+W~. 

6) Angular distributions for 77 -» W+W~ : (a)Vs=200GeV, (b)vG=400GeV, 

(c)>/s=600GeV, (d)v^=800GeV and (eJv^lTeV. 

7) Angular distributions(^ = 400GeV) for 77 -»• W + W _ (solid curve) and 77 -* 

H -* W+W~ (on pole of Higgs boson) for various mj: mj=60GeV(dot-dash), 

mt=90GeV(dots) and mt=150GeV(dashes). 

8) Total cross sections for 77 -* W+W~(solid line) and 77 -» H -* W+W~ (on 

pole of Higgs boson) for various mi: Tni=90GeV(dott-dashed curve), n»i=150GeV 

(dotted curve), mj=200GeV(solid curve) and n>t=250GeV(dashed curve). 

9) Angular distributions for 77 -» 66(solid curve) and 77 —» H —» W (on pole of Higgs 

boson) for various m (: mt=60GeV(dot-dash), ro«=90GeV(dota) and mt=150GeV 

(dashes). 
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