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PREFACE 

A theoretical workshop on electroweak symmetry breaking at the Superconducting Supercollider was 
held at Lawrence Berkeley Laboratory, June 4 - 22, 1984. The purpose of the workshop was to focus 
theoretical attention on the ways in which experimentation at the SSC could reveal manifestations of the 
phenomenon responsible for electroweak symmetry breaking. 

This issue represents, at present, the most compelling scientific argument for the need to explore the 
energy region to be made accessible by the SSC, ksd a major aim of the workshop was to involve a broad cross 
section of particle theorists in the ongoing process of sharpening the requirements for both accelerator and 
detector design that will ensure dstection and identification of meaningful signals, whatever form the 
electroweak symmetry breaking phenomenon should actually take. 

The workshop was scheduled so as to immediately precede the DPF Workshop at Snowmass, with 
sufficient overlap in participants that the results of the theoretical workshop could be efficiently 
communicated to the participants at Snowmass. 

The first two days of the workshop were devoted to summaries of the conclusions of earlier working 
groups both in the U.S. and abroad. The remainder of the three week session consisted of a single seminar per 
day on a topical issue with the rest of the time being spent on individual work and discussions among 
participants, mainly through working groups that were organized around various alternative scenarios for 
electroweak symmetry breaking. The discussions were lively; many new ideas were generated and older 
ideas were pursued in some depth. We are grateful to all the participants who contributed to a lively and 
productive session. 

We are indebted to Susan Fidelman for her superb and smooth management before, during and after 
the workshop, and to Brenda Allen-Clearlake for her invaluable assistance throughout. We further enjoyed 
the support and clerical assistance of Betty Sublett, Luanne Neumann and Mary Gorman, during the 
workshop and in preparing the proceedings. We wish to thank Orlando Alvarez for the social organization 
and all the members of the LBL theory group, most especially our willing graduate students, for their 
participation, support and material assistance. 

We are grateful to Peggy Little for her assistancee with organization and to J.D. Jackson and David 
Shirley for the support of the Physics Division and of the Laboratory. 

This Workshop was supported in part by the Director, Office of Energy Research, Office of High Energy 
and Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract DE-
AC03-76SF00098 and in part by the National Science Foundation under Research Grant No. PHY84-01063 

We hope that this workshop has achieved the objective of drawing the theoretical community into 
substantial involvement with the national SSC effort and that these proceedings will serve as a stimulus to 
further study within the high energy physics community. 

Thomas Appelquist 
MaryK.Gaillard 

Ian Hinchliffe 
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OVERVIEW OF THE LBL WORKSHOP 

luHiickliTe 
Lawrence Berkeley Laboratory 

University of California 
Berkeley CA 04T30 

This overview of the LBL Workshop ©• Electro-Weak 
Symmetry Breaking at the SSC is provided as a brief glide to the 
more detailed papers which follow. It is based oi a talk given at 
the opening of the Snowmass workshop aid is intended mainh/ for a 
DOD-theoretical audience. The comments expressed In this overview 
are mine and do not necessarily represent the view of the majority 
or participants. 

The LBL workshop had a loose organizational structure; 
theorists often work best in a freewheeling environment. Several sub
groups were formed to attack some of the more important theoretical 
problems relevant to physics at the SSC. 

These groups discussed 

1. NOD- Standard Higgs 

2. Intermediate Mass Higgs 

3. Non-Standard Higgs Bosons 

4. Strongly Interacting W's and Z's 

5. Supersymmetry 

6. Interpretation of Unusnal Events from CERN and DESY 

7. Compositeurs 
The reports of the the subgroup chairmen can be found following 
this article. 

ID addition, a number of seminars were held with two 
purposes. Firstly, talks were given at the opening of the workshop 
to acquaint participants with the current state of affairs. Only two 
of these talks are included in the Proceedings. Tbe one by M.K. 
Gaillard which acts as an introduction to the workshop and sets 
out its goals and the one by J. Ellis on tbe status or European 
Facilities. Other talks were given by Jay Marx (reporting on tbe SSC 
Reference Design, Ref. 1), Stu Loken (reporting on the activities of 
the PSSC, Ref. 2), Bob Cahn (reporting on the Chicago Workshop, 
Ref. 3), Dave Jackson (repotting on tbe ICFA meeting held in 
Japan in late May, Rcf. 4), and Chris Quigg (reporting on some 
conclusionsofEHLQ.Ref. 5). These talks all cover material which is 
readily available elsewhere and are not included in these proceedings. 

Secondly, seminars were held on topical subjects relevant to the SSC. 
These seminars are written up in these proceedings and will not be 
discussed further in this summary. 

Tbe group looking at tbe new and unusual events from 
CERN* and DESY attempted to draw together the information from 
these odd events, summarized in Table 1 of the report (I.. Hall, et 
a)., Ref. 6). Tbey looked at and evaluated the various theoretical 
proposals fcr these events, In particular, tbey tried to look Tor 
common features of the events and to search for explanations wbicb 
are capable of dealing with more tban one type of event. 

I will Irst comment on the events from the UAI and 
UA2 collaborations with missing transverse energy (Ref. 7). The 
invariant mass of the system with the large transverse momentum 
ia these events is quite large, the transverse mass of the jets, lep* 
tons, "photons* and missing transverse momentum provides a lower 
bond on the invariant mass of the parton-parton system which 
generates the laal state. This transverse mass is given for the UAI 
events in Table 3 of the report which shows that it is of order 100 
GeV. The UA2 events with leptons and jets have a total invariant 
mass of order 150 GeV (roughly the same as the jet-jet mass peak 
also claimed by UA2) if they are interpreted as tnal states of W plus 
jet. The typical mass of the parton-parton system in either case is 
of order ISO GeV. In order to have a chance of explaining the rate or 
these events, the crocs-section in the parton-parton system must be 
due to strong interactions, and the particles in the final state will be 
strongly interacting. This simple observation follows from the typi
cal values of parton momenta which are required and the behavior 
of the parton distribution functions. The "old" physics background 
to these events is from W/Z + Jet Inal states which has a partonic 
cross-section of order a,a and is consequently much too small to 
explain the signal given that the W/Z has to decay leptonkalry in 
order to generate the missing transverse momentum. 

The only candidate proposed by theorists before tbe events 
were found is snpersymmetry which generates events with jets and 
missing transverse momentum. The immediate difficult}* is that one 
naively expects events with several jets, two from events with squark 
pairs and four from events with glnino pairs. Some of these jets will 
either be soft or will coalese so that the pbysica I final state conld con
sist of fewer than the expected number of jets. Figure 6 of Hall er al. 
shows this effect. However, a problem remains with the super* 
symmetric interpretation of the events; the multiplicity of particles 
within, and the invariant mass of, the jets in the UAI sample is lower 
than is expected. Also, although the number of events is small, the 
transverse momentum distribution is rather flat in the UAI caw. 
another problem which is not obviously explained by supers}-m-
metry. 

AH other candidate explanations were invented after the 
events were found; they are summarized in Table 8 of the subgroup 
report. None of them is very compelling, and some fail to explain 
the quantitative features of the events. 

The events interpreted -s Z decay to e + e~ i or /*+ n~~ 7 
(Ref. 81 are summarized in Table 2 of the subgroup report. The 
most natural explanation is in terms of Bremsst rah lung, it gives a 
Dalitz distribution which agrees with the data but unfortunately has 
a rate which is a factor of fifty too small. None of the explanations 
discussed by the group are particularly compelling and most fail to 
explain the Dalitz distribution. 

The other odd events found at PETRA [Rcr. 9) are at 
a rather small rate and it is not completely clear that tbey are 
inconsistant with background. There is only one event from C'ELI.O 
or the type ft+n~ + 2 jets. Again they were not anticipated by 
theorists altbougb a number of explanations were discussed. The 
conclusion or this group was that one should wait and see. irtheUAl 
events are real tbe next run should settle tbe issue and provide more 
detail which would enable sor-ie of the explanations to be excluded. 

- 1 -



Higgs Rates and Signals 

In the minimal Glashow-Salam-Weinberg 1 0 model there is only 
one particle remaining to be found; the scalar Higgs boson (H). As 
discussed by C. Quigg,- 6 the only unknown quantity surrounding this 
particle is its mass, all its couplings are fixed. I t couples to W + W ~ with 

t i /2M w sin 8 W . The factor m / M w ensures that its coupling t 
is very weak (with the exception of the top quark and any new heavier 
generations). Consequently H cannot be produced directly in e*e" 
annihilation. 

The Z°Z°H vertex can be exploited by using the decay Z » H i i * | i -
( o r H e + e _ ) where the u + u~ ( e*e _ ) pair came from the decay of a virtual 
Z°." The ratio of widths r (Z°* e^e-HJ / r fZ 0 * e + e " ) is shown as a 
function of the Higgs mass 
in Fig. l l . , 2 T h e Z f l c a n 
be formed in e + e ~ and at a 
luminosity of 10 3 0 c m - 2 

sec" 1 a value of 10~ 3 for 
the ratio of widths corres
ponds to approximately 
one event every 10 days. 
The signal is very clear, 
one looks for a peak in 
the missing mass re
coiling against the 
lepton pair. There is 
a background from the 
production of two heavy 
quarks where they both 
decay leptonically. By 
imposing isolation cuts 
on the leptons this back
ground can be controlled. 
In the e + e " channel, there 
is an additional back
ground at low m„ from 
e*e~ •* e*e~ + hadrons 
which imposes a lower 
limit of about 8 GeV Fig. 11. 
upon the Higgs mass that The ratio T(Z •* e* 
one can see. /T(.Z->-\i + \i~) vs m.. 

-H) 



ODe other area of theoretical specatatfon which was dis-
cussed by one of the groups concerns the issue of composite**** of 
quarks and leptons (Ref. 23). Motivated by the apparent arbitrari
ness of quark and lepton masses, some theorists have speculated that 
tlwy may not be elementary but rather composed of some "preoas". 
No semi-realistic model has yet emerged. Some signals for composite 
structure at the SSC are discussed in Ref. 5, but some work was 
begun on the question "What happens if the scale of compoiHfttss is 
I TeV and hence can be crossed at the SSC?" There was also some 
discussion of the use or polarisation for disentangling the strooture 
of any interactions caused by compositeness. 

Finally, I would like to thank all those who helped to 
make this workshop so enjoyable and fraUral- My co-organizers 
Mary K. Gailtard and Tom Appelquist for their valuable work in 
planning and organization, the working group chairmen for sum
marizing clearly and concisely the work of their groups, Susan 
Fidelman tor dealing with tbe day to day running of the workshop 
and for assisting in the preparation of these Proceedings, and finally 
to all the patticp&nts for their enthusiasm and hard work. 

This work was supported in part by the Director, Office 
of Energy Research, Office of High Energy and Nuclear Physics, 
Division of High Energy Physics of the U.S. Department of Energy 
under Contract DE-ACG3-76SFQ0098 and in part by the National 
Science Foundation under Research Grant No. PHY-84-01063. 
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INTRODUCTION TO THE WORKSHOP: ELECTROWEAK SYrMETRY BREAKWG AT THE TeV SCALE 

Mary K. Gaillard 

Lawrence Berkeley Laboratory and DanextsKnr, of Fb.yai.ce 
University of California* Berkeley, California 94720 

A* viewed from today1! perspective, eieetreweeJc symmetry 
breaking is both the central issue to be addressed by physics in the 
TeV region, and the most compelling argument frr the need to explore 
that region. While the picture may change ceasideraMy over the next 
decade, it seems reasonable to focus theoretical attantiea ea this issue 
which is in fact very broad in terms of its paisfth ramifications. Such 
a concerted effort can help to sharpen the •tieatific case for the SSC 
and provide fresh theoretical input to the ongoing series of workshops 
and studies aimed at forming t concensus on a choice of SSC design 
parameters. 

To set the mood of the workshop I will review briefly the physics 
to be explored prior to the SSC as well as the motivations for 
exploration of the TeV region for hard collisions. I will follow with an 
example of a possible scenario far the first manifestation of 
electroweak symmetry breaking «t the SSC. 

State of the Standard Model 

In a sense we are reaching the end of an era in the study of 
electroweak interactions, which ore by now well understood as being 
described by the Lagrangian of a renormalizable, spontaneously 
broken gauge theory. The list of successes and precise, quantitative 
predictions is impressive. The attempt to understand the four-fermion 
charged current interactions in terms of a renormalizable theory 
culminated in the prediction and subsequent observation of neutral 
current phenomena as well as of the W and Z bosons, with precise 
predictions for their masses and other properties. Within the same 
context, the presence of strangeness changing charged currents, 
together with the observed strong suppression of their neutral current 
counterparts, led to the prediction and subsequent observation of 
charmed particles with precisely defined weak couplings and 
approximate estimates of their masses and other properties. The 
discovery of the T-lepton implied, again within the context of a 
renormalizable theory, the existence of the (t,b) quark doublet; indeed, 
the entire third family of quarks and leptons had been anticipated in 
attempts to incorporate CP violation into the theory. Of this family, 
the t quark still awaits confirmation, as does direct evidence for the 

There are hints from CERN that we may already be embarking 
on a new era. Possible interpretations of the zoo of intriguing SppS 
events were the focus of one of the workshop study groups. Whether 
any of these events really reflects new physics, as opposed to the 
traditional hiccups which tend to accompany the opening up of a new 
domain of experimentation, should be settled by the coming 
generation of facilities: an upgraded SppS, TeV I, SLC, LEP and 
HERA. 

In any event these facilities will provide a thorough testing of 
the standard model, including precision measurements of the "W and Z 
masses and widths. In particular, the parameter p = nw'm- is 
sensitive to some high mass phenomena through radiative 
corrections. The high yield of Z's atSLC and LEP will permit searches 
for rare decays, About 5000 W -* tb events should be produced at TeV 
I for an integrated luminosity of 1037cm"2, which should allow a rough 
check of GIM-KM unitarity. 

An important aspect of the standard electroweak theory which 
has not yet been tested is the complex of trilinear and quadrilinear 
self-couplings of gauge bosons. Measurements of e + e " ** W+W~ at 
LEP II and of qq -* WW, WZ and Wf at pp colliders will provide rough 
checks of the three vector boson coupling strengths. For LEP running 
somewhat below the two-W threshold, the process e + e ~ -* eWv 
should allow a similar rough check1 of the magnetic moment of the W. 

It is possible that the "observed" electroweak gauge group 
SU(2). X U(l) is embnlded in a larger group: TeV I should be able to 
probe Tor additional heavy Z's with masses up to 600 GeV if they have 
couplings to quarks of standard strength. LEP can search for very 
heavy E% through propagator effects, while HERA wilt be sensitive to 
heavy Wa as well, and also to the presence of right handed couplings 
for charged current raectiotu. 

At tower energies, the copious sources of kaons anaVer B mesons 
to be provided by CESR, TeV II and the AGS will help to ma torn the 
parameters of the KM matrix, and in particular those goverauig CP 
violation. Searches for rare decays will also provide probes ef higher 
mass scales. 

SheHv-aPlimber 

There is still, ef course, an important missing link in our 
present picture: the Higgs particle(s) or some other manifestation of 
electroweak symmetry breaking. 

If the standard Higgs has a mass m H < 2 m- its decay will 
probably be too indistinctive to allow detection at a haoron collider. A 
possible exception is the case in which the decay H -* tt is 
kinematically forbidden; then there is a small window of possible 
Higgs masses for which the decay H -* W + ff* may have a substantial 
branchingratio2:B(H-* W + if) = (6 to 60)* for m„ = (MO to 150) 
GeV. Generally, a Higgs with mass below the two-W threshold can 
most easily be detected using missing mass techniques in e + e~ 
annihilation. For 
m H s 40 GeV, a standard Higgs could be found at SLC or LEP in Z° 
decay, or, depending on the top quark mass (and possibly at 
TRISTAN), via the decay of toponium into H + T- LEP u can probe 
for a Higgs with mass raH £ ( 2 E b ^ - m.) via the process e*e~-*Z° 
+ H. 

In the event that such a "light" standard Higgs turns up at the 
next generation of facilities, will the final chapter of we?!: 
interactions come to a close? There is strong reason to suspect that the 
Higgs phenomenon represents only the tip of the iceberg, and that 
qualitatively new physics must be involved. The deeper issue, 
commonly known as the gauge hierarchy problem, is the puzzle as to 
why the W and Z masses are so small in the presence of large scale 
parameters such as the hypothesized grand unification scale or the 
Planck scale. In the context of a weakly coupled renormalizable 
theory, such "light" gauge bosons require similarly "light" scalar 
bosons, but scalar masses are highly unstable against radiative 
corrections. 

There are of course, other hierarchy problems, in particular 
large ratios among fermion masses, which by rights should all be of 
the same order as the W and Z masses since they are governed by the 
same symmetry breaking scale parameter. This issue has received 
less attention, probably because we haven't yet understood how to 
sensibly formulate the question. In the case of the usual gauge 
hierarchy we know how to ask the question and even how to answer it. 
The three most popular answers are listed below. 

Technicolor. A scalar particle may be kept light by a global chiral 
symmetry which is broken spontaneously by a condensate of massless 
technifermions, characteried by a scale parameter Jtj. 

which is the scale at which the presumed asymptotically Tree 
technicolor interactions become strong. If ip. js an electroweak gauge 
non-singlet, the condensate also breaks the eleclroweak symmetry, 
giving the observed W and Z masses for A,. - (V2 G p> - * =» 250 GeV. 
The exactly massless goldstone bosons of spontaneously broken chiral 
SU(2) are eaten by the W* and Z to become their longitudinal 
components. This hypothesis predicts a rich spectrum of 
technihi'drons with masses in the TeV region. For ordinary fermions 
to acquire masses, the theory must be extended in a way which 
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generally leads to the prediction of additional pseudo-goldf nt towns 
•that are considerably lighter. At preaent no pheMHMnaUclcaUy 
viable (nor grand uniflable) model for technicolor exists, but the idem 
is sufficiently attractive to warrant attention. 

guperevmmetry. Since chiral symmetries control fermion masses, 
scalar masses can be controlled if they are superpartners of chiral 
fermions. In practice, the gauge hierarchy is usually implemented in 
supersymmetric models by exploiting instead the "non-
renormalization" property of supersynuuetry which protects scalar 
masses against large radiative corrections. Tha etectroweak breaking 
scale is related to the supersymmetry breaking scale which is 
generally adjusted by hand. Superaymmctry ia motivated by other 
arguments » well, and may play a vital rale is the ultimate 
connection between gravity and the observed gauge mUrsrliim. In 
this case, it may or may not also provide the mechanises isr stabilising 
the Higgs mass. If it does, as in most popular saodels, eat expects to 
discover lota of superpartners of quarks and gauge boas— with Masses 
below a TeV-except in the perhaps perverse but logically paeaible 
event that the Higgs mass is greater than aTeV and/or that the Higgs 
sector "sees" supertymmetry breaking only through radiative 
corrections, in which case many tquarks, sleptcns and gauginos could 
have masses larger than the Higgs mass by an order ef saagnitude or 
more. 

(pompositenesa. A third possibility is that the standard model is in 
fact an effective theory for describing composite quark and lepton (and 
gauge?) fields which appear point-like at energies well below the 
inverse radius of compositeness. Perturbative calculations break 
down for virtual momenta higher than this inverse radius which 
provides an effective cut-off that stabilizes the Higgs mass, or, 
equivalently, its vacuum expectation value. Present data already 
suggest that the scale of compositeness exceeds a TeV; if it is indeed 
the Higgs mass stabilizer, it must not exceed a few TeV. Just as for 
supersymmetry, it is possible that ordinary particles are composite on 
a scale which is unrelated to the weak interactions. Signals cf 
compositeness include new interactions: effective four fermion 
couplings with strength characterized by the squared radius of 
compositeness, and new particles: excited states of quarks and 
leptons, hi particular color non-singlet quarks that may be quasi-
stable. 

Since none of the above models is sufficiently well constrained 
and/or well formulated to allow quantitative mass predictions, 
searches in any available mass range are of interest. The SppS, TeV I, 
SLC, LEP and HERA complex of facilities should allow probes for 
supersymmetric particles up to mass scales of about 100 GeV, and for 
compositeness up to a scale of about 6 TeV The SSC will be able to 
push these scales up considerably,3 and should be able to weed out 
technicolor if that is the mechanism which sets the etectroweak 
breaking scale. 

Phvsics at the TeV Scale 

We saw that attempts to understand the relatively small scale 
of electroweak symmetry breaking tend to suggest the existence of 
new particles or new phenomena, There are various other hints from 
both particle physics and cosmology that new physics should appear at 
scales well below those associated with grand unification or gravity. 

One is the noi.-observation of the decay p -+ ffe with a partial 
life-time as estimated in the minimal SU(5) model. A possibility is 
that the unification idea is totally wrong, but then we must abandon 
our present understanding of the value of the weak mixing angle and 
the observed nueleon to photon density ratio. Furthermore, since the 
observed spectrum of fermions is indeed an SU15) spectrum, it is 
difficult to imagine that the ultimate unification scheme does i.ol 
embed SU(5) at some level. An alternative possibility is that the 
unification scale is much higher than standard model calculations 
predict. This has the possibly attractive feature that the unification 
scale and the Planck scale are essentially the same, and the danger 
that proton decay may be unobservable altogether, closing an 
important experimental window on unification. In any event the 
latter interpretation requires some new particles • if only extra 
generations of quarks and leptons - with masses above present 
laboratory sensitivity, but well below the unification scale. 

Attentats to reconcile the density ftwetuaUoe* required far 
•alaxy fcrsaatitn with tha ihssnud degree of hsaaennaity in the 
Microwave radiation background invoke particles which were 
thermally decoupled fret* photons by the tie* ef galaxy mrsftfttien; 
candidate* ha.* included Massive neutrinos, gravitines, extent, etc. 
Models fer an inflationary scenario compatible with bath 
aetrophysical observation anu particle paeneawnewgy May require 
additional new fields. Finally, we arc at preaent totally in the dark on 
the complex of issues including the spectrum of fermion masses, the 
Cabibbo-KM mixing angles and CP violation. 

Whether any of the above issues is related to electrowtak 
symmetry breaking is an open question, and it is net possible to pin 
down a mass scale at which their resolution should be revealed. 
However it sterna likely that resolving the issue of tWetroweak 
symmetry breaking should point us in a clearer direction towards 
answers to some of the other questions. 

Why is the TeV scale an immediate target? The mass of the 
W* was successfully predicted by a simple formula: 

mw=tTtCVV2GF!*, (I) 

where a is the fine structure constant of QED and Gf is the Fermi 
constant In the standard model the Higgs mass ia predicted by a 
similarly simple formula: 

niH = t8*aj/>/2 GPI*. (2) 

with the unfortunate difference that the "fine structure constant" 

a H = X2/4w (3) 

appearing in (2) is the expansion parameter for the perturbative 
theory of scalar interactions, and is itself unknown, except for the 
requirement that the observed vacuum be stable against radiative 
corrections, suggesting mH a 1 0 GeV. 

On the other hand, should the Higgs mass exceed a TeV, Eq. 13) 
implies that the parameter a H exceeds unity and that perturbation 
theory is inapplicable to the scalar sector. One might worry that this 
would render fortuitous the successful predictions of the standard 
model, but it has been shown 4 , 5 that ordinary physics is highly 
screened from strong interaction effects in the scalar sector, just as, for 
example, anomalous magnetic moments of leptons are very 
insensitive to strong interactions in the hadron sector. 

The relevance of all this to a supercollider is that a strongly 
interacting scalar sector cannot remain screened at very high 
energies. The reason is that a H also governs the strength of the self 
couplings of the W* and Z through their longitudinal components, 
acquired by absorbing three of the scalars that together with the 
physical Higgs particle form a complex doublet of the weak SU(2) 
gauge group. 

In the 1960's it was argued correctly, on the basis of unitarity of 
the S-marix and the observed fermi couplings, that exploration of 
energy scales up to 600 GeV would necessarily reveal either strong 
parity violation or qualitatively new physics associated with the 
underlying structure of the weak interactions. The latter we now 
recognize as the W and Z of the standard model, and the upcoming 
generation of experimental facilities is well adapted to study their 
properties as discussed above. 

An analogous argument, based on unilarity and the observed 
electroweak couplings of the standard model, leads to the 
conclusion*-6 that either W's and Z*s will develop strong interactions 
at effective cm. energies of a few TeV or qualitatively new physics, 
related to the mechanism for electroweak symmetry' breaking, will 
emerge. The latter may or may not take the form of a standard model 
Higgs or one of the richer scenarios described above. 

The questions addressed at the workshop included: 

What form might the new physics take? 
What might be its experimental signals? 
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The purpose af asking questi—• mch as thee* is to sharpen tho 
ivs^iirsmsnts on energy and luminosity,, ami smjgost esreeticns for 
detected development, with the aim sf assuring maximum 
sceesstbUlty to the physics of the T«V ragUm, whatever firm it might 
take. The physics rsoch for various choices at* machins SSCTSSSISTS 
and for the atandard •bellwether" •eiaarka has heea extensively 
treated by EHLQ.' Our purpose hart was not to rshasF; Ue 
bellwethers, but rather to gonorsssnewliiai sainswimimmsliioon 
old ideas. 

Suppose that the study of hard ceJtisoas up to IhsTeVsmk for 
effective cm. energies reveals neither a standard modst Hsjg* nor any 
obvious variation thereof. Suppose farther that sxpssimssssl data 
continues to conform to the standard model, so that sfcosrvsd 
electroweak physics is described by the GWS Lagraogmn which in a 
renormalizable gauge takes the form: 

£ = W . m*J*- °y»k- V "r <> - «••">• »> 
where the first term includes mass and kinetic energy terms and 
gauge and Yukawa couplings, and 5 is a gauge parameter. The 
second term is the scalar potential; in the standard model: 

V(#,H)=mH

2H 2/2+mH

2H(14| 3+H 2)/2v+snH*(!#|*+HV/8v 2 (5) 

where H ia the physical Higga particle, + = (w+,*,w~) are the 
unphysical acalars absorbed as longitudinal components of (W + , Z, 
W~) in the unitary gauge, and v = 250 GeV is the usual scalar 
vacuum expectation value. The relevance of the potential (5) to TeV 
physics is that S-matrix elements with external w's and z's calculated 
from the Lagrangian (4) are equivalent64 to the S-matrix elements for 
external longitudinally polarized W*a and Z's, up to corrections of 
order m /̂E. 

The potential (5) is characterized by a single unknown 
parameter, the physical Higgs mass mH. As discussed above, for a 
Higgs mass of a TeV or more, (5) describes a strongly interacting 
system. However, one can try to exploit8 the property5 that the 
potential V is invariant under non linear transformations among 
scalers, whose generators satisfy the algsfcra ofchiral SU(2) X SU(2). 
The first term in (4) contains the weak couplings of w* and z to 
fermions through scalar and pseudoscalar densities and to 
transversely polarized Ws and Z's through vector and axial currents 
that are conserved up to corrections of order of the weak couplings and 
the W, Z squared mass. The situation is analogous to that of low 
energy hadron physics where an (approximately) chiral SU(2) 
invariant strongly interacting system couples to leptons through 
(partially) conserved axial and vector currents. Here the longitudinal 
vector bosons W,,ZL =* w,z play the role ofthepions of hadron physics. 
These general features are moreover not specific to the standard 
model; the situation in a minimal technicolor scenario is identical, 
and any scenario where no symmetry breaking phenomenon is 
manifested below the TeV scale is expected to display similar 
properties. 

Ideally, then, one would like to understand the dynamics of a 
strongly coupled a-mode I, just as for pion chiral dynamics. The 
strongly interacting limit of the minimal Higgs model has been 
analyzed for the presence of bound states or resonances8 , 1 0 Regge 
poles,11 orskyrmions.17 Recently Einhorn13 found that the leading N 
behavior in a 1/N expansion (here N=2!) for a chiral SU(N> scalar 
sector suggests that there must be a J=0 scalar state (which might as 
well be called the Higgs particle) with a mass of at most a few hundred 
GeV. 

What I shall discuss here is a more modest approacl adopted by 
Mike Chanowitz and myself:9 given that the longitudinally polarized 
gauge bosons W (. ZL develop strong interactions, how can we 
experimentally stuay this strongly interacting system? First, we 
must produce a system of two or more WL, Z^ which is not entirely 
trivial, as W L and ZL couplings to quarks are suppressed up to 
corrections of order m^mmor nifl/E^. In addition we are working in 
a regime where perturbation theory is not applicable. However, the 

r»f4ac»ntitr?L.Z. -» w. x + (Xaty/E) in S-matrix dements and lH 
ehtrel symmetry sfstrong w, s interactions allow us to determine th_ 
V . . Z^ couplings near threshold through soft pion theorems. The 
threshold hohavier shUumdin this way is given precisely* by the 
Bars asmrsiimstion Is the QWS Ugnuigrian (4), (5). The resulting 
amplitudes for multiple W L and Z, production art roughly 
characterised** a fhctorE/vJeroo^ emitted W, erZ,. In the limit 
mH^»,ymtlmsnlystaMs«u»mttsrsftimsysstss,msism1i scaling 
arguments imply that the Bsrn asasstlmsfisu most he valid fcr some 
energy range between multi-W production thrsshsl is ami that snergy 
at which a damping seals {n^?, tLp) sots in Is ustii i waiter itj in the 
s-wave seattsring ehanail, as U must This seals will presumably be 
signaisd by resonance production sr rimllsr phsnsmina. Whatever 
the dynamics of such a strongly coupled systsm should turn as* to be, 
it shsuM be characterised by events with a high multiplicity sf Ws 
and Z's. 

We therefore considered various ssschanismrfor the production 
of a system of two or more W L ^ and mad* multiplicity estimates 
based on the E/v scaling law, which is equivalent to the Born 
approximation that automatically satisfies the current algebra 
constraints. Ws considered two extreme csssf: a)theHiggsmass sits 
at its "unitarity limit" value* of a TeV, where it become* so brood that 
establishment of a resonance in the WW and ZZ systems may be 
problematic, and 
b\ l T e V i V s w w < < s ^ (m this c«« tr« UMtanty breaks down in 
the s-wave channel lor V s ^ * 1.S TeV). 

The most copious source of kngitadinalr/ polarised Ws and Z's 
turns out to be the analogue of the Cahn-Dowien mechanism14 for 
Higgs production (Fig. 1). At first sight, this would appear to give • 
negligible contribution because the W, coupling to light quarks is 
suppressed by a factor **•/£« in amplitude at each qq'W vertex. 
However this fsctor is exactly compensated for by the fact that, as 
opposed to the case for transversely polarized vector bosons, 
longitudinal W emission does not vanish in the forward direction. 
We estimated the total yield from this mechanism using 
parameterization* of the total WLWL cross section adjusted to 
reproduce the correct threshold behavior, an asymptotic logarithmic 
energy dependence, with or without a broad (Higgs) resonance in the 
energy region accessible to the SSC. In all cases, the yield of events 
including a pe:x of Z '̂s if expected to exceed15 the Z-pair yield3 from 
conventional gauge interactions for sufficiently high sub-energies for 
the vector boson system. In contrast, the light qq annihilation 
channel, which can produce a significant yield of pairs of 
longitudinally polarized bosons only in a pure J=1 state, is dominated 
by pair production of traravemly polarized vector mesons. In either 
case the Z/W production ratio will be enhanced in the presence of 
important strong interaction effects. 

Figure 1 V 2 

As the potential (5) conserves "parity", with w and z defined as 
parity-odd, the mechanism of Fig. 1 will produce only even numbers of 
vector bosons. To lowest order in the weak gauge coupling constant, 
the dominant mechanism for production of an odd number of w, z (or 
WL, ZL) is that of Fig. 2. For case a), raH =* 1 TeV, the cross section is 
dominated by on-shell Higgs production and decay; for case b), 1 TeV 
s Vs < < mu, the Born approximation cross section is constant, and, 
if extrapolated to asymptotic energies, would exceed the cross section 
for three W, Z production via conventional gauge interactions which 
must (with appropriate cuts on angular separation) scale as 1/s. 
Unfortunately, for the energy range accessible to the SSC the gauge 
background apparently1* dominates three body production, 
presumably because of multiple polarization degrees of freedom in the 
final stele. 
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Ai the potential (5) COOMTVM "parity"t with w tad i 4afia*d ea 
' parity-odd, the mechanism of Fig. 1 will preJucs et,ly or— Mswhsrs of 

vector bosons. To lowest order in the weak faufe wayling ceaataat, 
the dominant mechanism for production ef as. odd aw. sir ef w, s (er 
WL,ZL)isthatbi ,Fig.2. Foreasea), n ^ * ITeV.tWereaestetwai* 
dominated by on-ibell Higgs production and decay; for caw U. 1 TeV 
s V i < < re». the Born approximation croee section it wnotant, and, 
If extrapolated to asymptotic energies, would exceed the cross section 
for three W, Z production via conventional gauge interactions which 
must (with appropriate cuts on angular separation) scale as- 1/s. 
Unfortunately, for the energy range accessible le the 38C the gauge 
background apparently" dominates three body production, 
presumably because of multiple polarisation degrees of freedom in the 
final state. 

" t * 

Figure 2 
On the other hand, if the scalar systeai is indeed strongly 

interacting, events with four or more Ws and Z's should significantly 
exceed the yield expected from gauge couplings alone. rWwfnrer, the 
multi-body event rates anticipated on the basis of the E/v rule are 
extremely small: for an integrated luminosity of 10wcsa~*and a tin. 
energy of 40 TeV, we found about ISO three body and 10-1M four body 
events using the prescriptions described above. In this case 
backgrounds present o major problem. While conventional gauge 
interactions3 should not represent a prohibitive background far the 
total yield of multi W, Z events expected from the mechanisai of Fig. 1, 
the anticipated two-jet QCD background is larger than the multi- W, Z 
signal by many orders of magnitude. Demanding one leotonic decay 
still leaves1 5 an overwhelming background from W or Z plua high p T 

jet. An important issue is thus whether the hadronic decays of Ws 
and Z's can be distinguished from QCD jets. The wisdom which 
emerged from discussions at the pp workshop1* is that a reduction 
factor of 1/7 in the background to signal ratio can be achieved by 
requiring a jet mass equal (within an appropriate definition) to the 
W,Z mass. This appears to be insufficient to extract two-body W and Z 
events for the yields estimated in Ref. 9. Demanding two leptonic 
decays (which excludes detection of two-W events) reduces the rates to 
a barely detectable level, even with a luminosity of 10 3 1 cm~2sec"1. 
Therefore better methods for separating hadronic W and Z decays 
from QCD jets are highly desirable, not only for the scenario discussed 
here, but also if multi-W, Z events are to be used, for example, to test 
the standard model gauge couplings, or to search for a lighter (2m™ < 
mH < TeV) standard model Higgs, a technirhr, etc. Sciulli17 has 
considered the possibility of measuring the angular separation 
between individual particles in a jet. He concluded that the 
background reduction factor could be improved to about 1/25 in this 
way and suggested that a factor of 1/100 might be achievable. 
However this may be at the price of a severe reduction in solid angle: 
the total estimated9 yield of multi WL, Ẑ  events with invariant mass 
above 500 GeV is three to ten thousand for an integrated luminosity of 
10 i 0 cm- 2 . 

It might also be possible to extract a signal for strongly 
interacting vector bosons by less direct methods than identification of 
individual multi W,, ZL events, such as an anomalously high yield of 
W and Z leptonic decays and/or an anomalously high Z/W ratio in 
events with total transverse energy above, say, 500 GeV. If the muon 
angular distribution in Z - . up. can be measured, it might further be 
possible to establish15 an enhancement of longitudinally polarized Z's 
in this sample. These questions clearly require further study. 

On the more theoretical side, a better understanding of the 
dynamics of a strongly interacting WL, Z^ system, or plausible models 
of such a Bystem, might give a better indication as to whether the low 
yield of events with multiplicity 2 3, estimated9 by extrapolating the 
required threshold behavior (Adler zeros) is a fair guess or whether 
(hopefully?lit appreciably underestimates the multi-body event yield. 

wJitehtaaeAiap; •noia'aBpsciflcatsaari»caaitniaafan|MI naeitlaaaaa 
partefast iaaneiv praeaaa ef praveauaj, nat—ly jape* l—a naa eaaeae 
af 38C aataga paraawiara. but alee aeracliaaa fcr aotetlar deotpa. 
slejirilhnu Jar data eaalriaa. Me. further Maty •* Ikt payifca ef 
atrasiafourtoractiatW'Baae)gad*iuifactB)eaaallha • aranaaa.aa 
repined eetew aleaf with tka eeachjeiee* ef ether veridauj troupe 
Tteaat lactaM —pMeyaatry. rnaipslitafisae. am saesaterd Higas 
perticUe. atladard Hiff« »iih aaut m^, <mK < zarw. aurnr 
fersnfeaseadetaerrMtics. 

T W . a n M » » U revealed «»eia»ine»j the TeV reaiee at the 
SBC will Mlill'illly knr little reoeaHance U Myites* »*• • 
l«r.,a*l»»»*Jlja»arcia«al<^Mt»«a«d»tx«r.»hal 

dleoxpfeitit. 

This work we* •aeaertad in put Vy tka Director, OStet ef 
Energy Kliaardi, Ottct of High Energy pad Naclear Pfcylice, 
Divili.nefHltfrimijI'TrjekeofOieUADeparta.aal.faWiy 
under Cootreeta OE-AC03-T<SF000H and the Natieaal Science 
Feund.tMniaaiirresiarti.grantPHY Bl «WW. 
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S c a r y 

The subgroup concentrated on two problem*. The 
first was hew to search for a standard neutral Higgs, 
H 0, In the intermediate mass range, 2a t< •«< 2»y. 
The only Method not obviously swamped by background is 
H» production in association with V*. with H*-*tt and 
W-»lw. However, this strategy puts great deemndi on 
the ability to identify t-quarka efficiently. The 
second problem addressed was the detectablllty of H° 
In the mass range 200 to 400 GeV, The question of 
signal versus background for a fusion-produced H° was 
reexamined. Heavy ti° production In association with a 
Z* was also studied. The fusion process, with H* de
cay to V*\r or Z*Z° t remains by far the most promis
ing way to look for a heavy Higgs scalar. 

I. Introduction 

Whether one believes or not in the validity of 
the minimal standard electrowe:ik model with a single 
Higgs doublet,* tiie Importance of conf inning or exclud
ing the existence of the physical scalar, H°, of that 
model can hardly T-e overstated. It is not surprising, 
therefore, that a great deal of attention has been 
given to the rates for signals and backgrounds for H° 
production. As we shall briefly review, most of that 
attention has been focussed on H° masses lees than 
about 2m t (-90 GeV?) or greater than 2nv- The inter
mediate mass Higgs (IMH), with 2m t< aifj< 2my, has re
ceived comparatively little sturiy, presumably because 
the experimental chances looked Blim, if not hope
less. The IMH subgroup's main task was to look care
fully at this mass region and try to bring the situa
tion there into sharper focus. That task was begun at 
Berkeley and vigorously continued by members of the 
Electroweak Subgroup at Snowmass. The XKH subgroup 
also extended their charge by looking again at the 
signals and backgrounds for H° with mass between 200 
and 400 GeV. 

Strategies for searching for both light (m^ Za^) 
and heavy (nu>2m^> Higgs have been discussed exten
sively in the literature. The light Higgs is primar
ily the property of e +e~ colliders. (For a review, 
see Ref. 3.) The principal methods that have been 
proposed are e+e~ annihilation to: 

Tf(bb) or ?(tt) -» H° + y 
Z -» Z + H°; Z •* 1*1" 
r v v 

Z •+ Z + H°; Z -• 1*1" 

(la) 
(lb) 

(lc) 

The radiative decay from £ should be useful for H° 
masses up to about 0.9m . The decay of a real Z" Into 
a virtual one plus H° is sensitive to w#< 45 GeV, 
while the search at LEP II using virtual Z 0 , s can ex
tend that limit to about 60 GeV {for /ssl75 GeV and 
L=2Xl0 3 1cm~*sec~ 1). The rates for all these electro-
weak processes are precisely known as a function of m^ 
because, in the minimal model, all of the H° couplings 
to gauge bosons and fermions are completely specified. 
If the recent report of the diocovery of thy top 
quark, with a mass of -45 GeV,* holds up, the Wilczek 
process* may prove the most definitive way of search
ing for the light standard Klggs. 

Once its mass exceeds 2m z, the h*° decays almost 
exclusively to W+U- and to Z°Z° with the rates 

3 
Vtf ,2/ m2^ , r<H*-w*w"> = 3f^f^-i 6VV 1 2 B Itf'' ni H 1- i ,V n iH> < 2 a ) 

r<H*-»Z»Z»> . g^|t*- 1 6 i^^+l2«^/»H>tl-«B>2 / BK ) H { 2 l ) ) 

Only a multi-TeV hadron collider can access such a 
heavy Higgs. There, the primary production mechanisms 
are two-gluon fusion7 and WV and ZZ fusion.* The sig
nals and two-gauge-boson backgrounds have been die-
cussed in detail by EHLQ,* who concluded that a 40 TeV 
collider with fLdt«10 4 Ocm~* can reach up to 09=1 TeV. 
Beyond that mars, the H° is expected to be so wide 
that it would be unrecognizable as a resonance In 
W and ZZ production. At the sane time, partial-wave 
unitarity breaks down in electroweak perturbation 
th&ory," no that signals of the swrongly-interacting 
Higgs sector should be seen. 1 1* 1 3 

The two topics studied most Intensively by the 
IKK group were: 

<1> Methods of searching for the intermediate 
•ass H e, with estimates of signal and background cross 
sections. The obvious method Is two-gluon fusion of 
H*, followed by H* decay to tt. The results In EHLQ, 
Chapter 4, Indicate that the ordinary tt background 
swamps the H" signal. Thus, most attention was placed 
on the less background-dominated processes p±p-»H°-tW± 

and p ±p^H°+Z°, 1* with H*->tt. The signal has a cross 
section of only Otl pb), but the background (for the 
first process! iff a factor of 2 or more smaller. In 
all of this, we took as a ground rule that t-quarks 
could be positively identified with finite effi
ciency. The discussion and {preliminary) results for 
H° production in association with weak gauge bosom 
are presented in Section II. 

{£) More in-depth stuly of signal vs. background 
for H° with mass in the range 200-400 GeV. It was 
felt by some 1 4 that EHLQ had underestimated the real 
UV and ZZ background to p-p-»HD-*Vtf or ZZ, so that this 
process was not suitable for finding a heavy Higgs in 
this lower moss range. Consequently, an attempt was 
made to estimate the background more conservatively, 
still assuming that real V- and Z-pairs constituted 
the only true background. Motivated by the possi
bility that the EHLQ estimates had been too liberal, 
members of the group also looked at the H°+V*- and 
H°+Z° processes. The revised background estimates and 
results on associated H° production are given in Se 
tion III. 

II. Searching for the Intermediate Mass HiRgs 1* 

In a hadron collider the dominant production 
mechanism for the standard neutral Higgs with 
mn< 200 GeV Is twc-gluon fusion. *•• For mn< 2my, the 
H c decays to the heaviest fennion-antifennion pair 
that Is klnematically accessible, and it has long been 
believad that backgrounds dwarf the signal for any H° 
mass in this range.* The situation is epitomized in 
Chapter 4 and Figs. 4-51 {Fig. 157 in Rev. Kod. Phys.) 
and 4-52 (158) of EHLQ, for [1^=30 GeV. By definition, 
the IKH decays to tt. The production cross section In 
a 40 TeV collider, with both t and t emitted In the 
rapidity interval (-1.5, 1.5), falls from 0.1 nb at 
mjj=100 GeV to 0.03 nb at m^^my. Even under the hope
ful assumptions that t-quarkE_can be identified, that 
the only background is true tt-Jet production, and 
that the tt-invariant mass resolution is 10 GeV, the 
background is at least 500 times the signal. For a 
t-quark mass of 45 GeV, the signal is still more than 
200 times smaller than this most optimistic back
ground.1* 

Therefore, it was decided to consider associated 



production or H* with * w t k gauge bono, cither tf* or 
• Z*. Thli is the analog In * nadron collider of the 
Bjorlcen process.**1* Although the cross sections are 
0(a a), associated production of an intermediate amis 
H* has a such •ore favorabl* slgnal-to-bKkground 
ratio than gluon fusion so long as one tags tha out
going V or Z and identifies top quarks efficiently. 
The differential cross sections for the qq annihila
tion subprocesses, averaged over colors, are 

Sv,-"""-*1""'' -^J- (%(^H)2»(^»|-"ln2«) (3.) 
•"* 2 2 2 2 2 

^iV^-) ? 1 * a" r* ~ 
°" * l 2«iln*0Bco«*eH 

x C^ Ka-r) zC«U£.ln 2e) (3b) rt s-m| 2 2 
where k li the c m . momentum of the final particles, 3 
Is the c m . scattering angle and K1;j Is the appropriate 
Kobayashl-Haskawa matrix element ^..»8 In calcula
tions). The corresponding total cross sections are 

• l i i W l . >i ffiCj—oV+asg) (Aa) 

x (^(^V-am 2 ) 
• 8 3-BL, Z 

tr(nb) 

50 100 300 350 400 150 200 250 
MHo(6eV) 

Total cross sections in pp collisions for H° 

The total, uncut, cross sections In a pp collider with 
•s-10, 20 and 10 TeV are shown In Pig. 1 for H"+W* and 
in fig. 2 for H*«Z*. [These are adapted froa 
Figs. 4-53 (139) and 1-35 (161) of DPA-l The cross 
sections in a pp" collider are indistinguishable. Ve 
see that,, for the XHH smss range and Vs-10 TeV, 
otpp*H**tf*)*2»5(pp^l*+Z#)-10-l pb. 

The signal for associated production is two top 
je'.j free. H* plus the weak colon. To elialnate large 
•ultl-Jet backgrounds, It was decided, and It probably 
is necessary, to tag the V or Z in its leptonic (e or 
pi tiecay nodes. It was assuswd further that the 
t-quarki could be distinguished free, other flavors and 
free, gluon Jets. This optimistic assus^tlon received 
nu:fc study at Snows-iss."*" Then the background 
processes are pp+g+W*; g+tt (rig.3a), and pp-*g*Ze; 
g-»tt snd pp*gg*tt+2» (Fig. 3b). It takes no calcula
tion to see that the signal-to-background ratio should 
be considerably better for H'+V*. and so all attention 
was focused on that reaction. Since there Is one 
sdsiing neutrino froa the u, the t and t will have to 
be identified In their nonl-iptonlc decay nodes. This 
puts a special prealun on toe ability to distinguish 
t*s froe) b's, not to Mention lighter flavors and 
glu-TOS. If this cannot be done efficiently, It is 
clear that the backgrounds are hopelessly large once 
again. 

The signal and background cross sections for 
pp-»H*+U+ (only), H*-*tt In a 10 TeV collider are shown 
In Fig. ».". Here the top quark aass was taken to be 
10 GeV. The cross sections with a U~ emitted are al
most identical. Also, they are not significantly dif
ferent If ftt-30 GeV or 50 GeV is used instead. In 
these calculations, the following cuts were imposed tc 
enhance tile signal end take account of the finite cov
erage of real detectors: 

c inb) 

Pig. i 
production in association with V* (Prom Bef. 9). 

50 100 150 200 250 300 350 400 
MHo(GeV) 

Fig. 2. Total cross sections in pp collisions for H° 
production In association with Z° - (From Ref. 9). 
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i i - * -

< 

a.; • ov » T 

(b) 
Fig. 3. Elementary Bubprocesses for background to 
(a) p ±jwH , >*W i, H°->tt and (b) p ^ H ^ + Z 0 , H"->tt. Curly 
lines denote gluons. 

p.TO > 00 OeV ; 
(6) 

- 2 < y u . y H < 2 • 
In Fig. 4 there Is no additional cut on the t and t 
directions. The background was calculated assuming a 
tt invariant-mass-squared resolution of 0.1 a^ . Also 
shown in Fig. 4 is the -ate for the potent laVljack-
ground, pp+tbV+, divided by 100. This reaction pro
ceeds mainly by two-giuon fusion of the final state. 
The cuts of Eq.(6) are put on the V and tb-system. It 
is clear from this plot that the b/t discrimination 
must be better than ~10% If the signal la not to be 
swamped. 

To get some idea of the demandB on machine and 
detector that the curves in Fig. 4 loply, let us esti
mate the minimum effective Integrated luminosity re
quired to discover the IMH in associated production. 
For this, we assume that the b/t discrimination is 
good enough to Ignore the tew background. We require 
that there be at least 100 signal events in a standard 
10* second run and that these represent at least P 5 
standard deviation excess over the ttV background. Ve 
assume that V+ev and W»yv are detected with 100* effi
ciency when pxtU) > 40 SeV. Then, since we require 
that both t's decay nonleptonically, our "discovery 
criterion** amounts to 

Big 2B(W^ev)(c B(t-»bqq)) o<H°W)jLdt > 100 (6a) 

W 1 ^ >5 

where 

end * t is the t-quark detection efficiency. For the 
cross sections shown in Fig. 4, doubled to include V 

I ' ' ' ' I ' ' ' ' I ' ' 
Standard cuts: Vs = 40 TeV 

i 
Fig. 4. Cro*s sections at / B = 4 0 TeV for pp+H0+W* 
{solid line), pp+g+V*. g*tt (long dashed line) and 
pp-»tb*W+, divided by 100 (short dashed line), from 
Ref. 15. m ^ O GeV; cuts are given in Eq.(5). 

oa well as W*, the requirement of 100 (or evert 50 
events) ia the aost stringent. We find that c* jLdt 
nust be at least 6x10** If ag*i00 GeV and at least 
2x10** if • H - W O OeV. Assuming integrated luminosity 
of 10*° cm -', these estimates imply et=25-50S. These 
are extraordinarily, perhaps unrealisticelly, high 
detection efficiencies. However, it is so important 
to have the capability to confirm or exclude the ex
istence of a Higgs scalar in the Intermediate mass 
range that such more work on the problem of efficient 
t-identification at high luminosity is well-Justified. 

Ill- HIRRS Detection for 200 GeV < i .< 4QQ GeV*'**'1* 

The reach of a supercollider for a standard neu
tral Mggs with sty > 2my was determined by EHLQ as 
follows: They consideed the processes pip-*H°-»W*W-, 
Z*Z 0 via both two-gluon end two-weak boson fusion. 
The background to these processes was assumed to be 
due only to true WW and 22 production, respectively. 
To estimate the background, they assumed further that 
the weak boson invariant mass resolution was the 
greater of 10 GeV and the total K° width, T H. The 
signal and background rates thus determined for a pp 
collider with /s=40 TeV are shown in Fig. 5 for WW 
and Fig. 6 for 22. Note that the rapidity of each 
weak boson is assumed to lie in the range (-2.5, 
2.5). Finally, the collider reach as a function of 
machine energy and luminosity was determined by 
requiring that there be at least 5000 H°-*WW or 2Z 
events and that the signal must stand above the 
background by at least 5 standard deviations. (The 
number of events required is large enough to guarantee 
tbat the tt° could be discovered, if need be, in 
H«-»£°Z° with both Z° s decaying to e +e~ or v*v~.) 
This discovery criterion implies that a 40 TeV colli
der with jLdt=104° cen access the m^ range from 2cg 
to 1 TeV. 

The EGK collaboration1* argued, perhaps justi
fiably, that EHLQ's estimate of the WW and 22 back
ground 1B too hopeful for low H° masses {see also Ref. 
20). They proposed instead that the pair invariant 
mass resolution be taken to be the larger of rn^/lO and 
["H- The two methods agres for m^ > 500 GeV. Below 
this mass, EGK found that the backgrounds exceeded the 
slgnalB by a factor of 3-5. 2 1 Thus, they concluded 
that the fusion-produced H° would be very difficult to 
discover for my = 200 - 400 GeV. 

In their calculations, EGK placed no restriction 

-10-



10 " 

er(nb) 

I0"2 

I0"3 

10 ' 

t 1 . . . . , , „ , ( , ~T 1 : 
- .. - pp — H + anything 

'-n'w" . 
Vs « 40 TeV -

lyl< 2.5 ~ 
; 

*\ -*\ \ ^ ^ ' x s ^ . -
\ ^""^-A * —. . — : \ - : 

• \ . - \ -- \ • 

- \ \ -
\ - \ : - \ -. X -- N. -

• " 
I I 1 , 1 1 1 1 S 1 

0.4 0.6 
Mass (TeV? 

0.8 i.O 

Pig. 5. Cross sections and backgrounds for pp-+H°•any
thing, K°-*v*\rt at •ssflO TeV. The rtashed line is gg 
fusion of H°, the long-shor. dashed line is WW and ZZ 
fusion of H°, and the solid line Is the total cross 
section. The dotted line is the WW background as cc£t-
puted by EHLQ (Ref. 9) and the dash-dotted lir.e is the 
revised background sugge.-ted by EGK (Ref. 14). 

on the weak boson rapidities. This favors the back
ground relative to the signal because the ordinary 
electrowesk production of gauge boson pairs 1c peaked 
forward In their c m . frBTne, while their production 
from H° decay is isotropic in that fraase. The rapi
dity cuts imposed by EHLQ thus enhance significantly 
the signal-to-background ratio. The net result of 
EGK's poorer DIBBS r&solution and the cuts is shown for 
•s=4Q TeV in Figs. 5 and 6. For H'-W, the signal/ 
background is about 1/2 over the entire mass range; 
for H°-»ZZ, it is about 2/1. At /s«10 TeV, the 
revised signal/background is -1/2-1/3 for H*-*WW and 
~l/l for H°-»ZZ over the accessible H° mass range. 
The corresponding ratios for a 20 TeV collider ere 
-1/1 and -2/1. Given the discovery requirement of 
5000 events, even the revised backgrounds are never a 
limiting factor. Thus EHLQ's conclusions on the reach 
of a supercollider as a function of luminosity and 
cm. energy remain unchanged (see Fig. 4.50 in 
Ref. 9). In particular, assuming realistic V and Z 
detection efficiencies," experiments at a 40 TeV col
lider with jLdt=10*°cnra can discover a heavy Higgs 
with mass in the range 2my-1000 GeV. At the same lu
minosity, a 10 TeV collider can reach only to 
1^=350 GeV, a 20 TeV collider to 650 GeV. 

As a hedge against the possibility that the sig
nal for pp-*H°+anything, K°-»V*W- or Z-'Z", would be 
"drowned*1 by the background for Higgs masses In the 
range 200-400 GeV, Ellis and Sharpe"*' 1 Investigated 
the associated production pp-W+z* with H*-*WV or ZZ. 
The trigger topology is Z°-»e*e"" or u +y~ plus four 
Jets from the two additional weak bosons. One then 
has to plot the invariant mass of one pair of Jets 
against that of the other pair, select ovents with 

10 

o-(nb) 

10 

10' 

10 

c r" ; i ' i i i 1 : 

; pp - * H+ anything " 
- U z o z o -

,/s = 40 TeV 

kV lyl< 2.5 ~: 
: \ \ " 
S> : 

r *. ~ \ \ ^"-«»^ 3 

" _̂ ^ " 
- . 
" \ \ ' " • " 

~ \ — C N -- \ -- V. -- \ -
i . I .. 1 1 1 1 l \ 1 1 

0.2 0.*J 0.6 
Mass (TeV) 

0.8 1.0 

Tig. 6. Sane fta Fig. 5 for pp*H°+anything, H0-*Z°Z*. 
K i 2 Q > s « K a V ' "Z' a n d t n s n l o o J c f > o r a n «nhancement in 
the four-jet •ass. 

As of the Berkeley Workshop, tills and Sharpe had 
not done detailed calculations of the signal and 
background with cuts. However, we can estimate the 
signal rates ad follows: From Fig. 2,* the total 
H*+2* cross section in a 40 TeV colider Is seen to 
fall from 0.5 pb at »n=200 GeV to 0.05 pt> at ttjj-400 
GeV. Including the Z°-»e+e~ branching ratio (-fiftl and 
allowing no more than one W or Z decay Involving a 
hard neutrino, we expect no more than 2 x 10" 3 to 
2 x 1C~» pb of signal in thlB mass range. ThiB 
amounts to at oost 200 (20) events for a 200 (400) GeV 
H* produced at 40 TeV with jLdt»10*°. The back
ground is unknown. 

By comparison, tho cross section at / B = 4 0 TeV for 
pp-*K*-*Z«Z°, with |y2|< 2.5, is Been from Fig. 6 * to 
fall from 10 pb at mjp200 GeV to 2 pb at 3^400. The 
background from continuum ZZ production is small. If 
It Is necessary to tag one of the Z*E in its e*e~ or 
v*u~ decay modes, this amounts to between 12000 and 
2400 events per year at jLdt=10*°. Inclusive H° pro
duction via ths fusion mechanisms thus remains the key 
to discovering a heavy Higgs scalar. 

Conclusions 

Definitive tests of many of t;.e scenarios for new 
physics in the I-TeV energy regime will require effi
cient identification of heavy quarks and leptons and 
of the V and Z bosons- In particular, the Bearch for 
an intermediate mass Higgs scalar apparently requires 
very high t-quark detection efficiency at high colli
der luminosity, of order 25-5CS at jLdt=10*° cm~ a. 
The situation is not hopeful. But the importance of 
being able to cover this higgs mass range warrants 
continued study of this problem. 

For a neutral Higgs heavier than 210̂  the two-
gluon and two-weak boson fusion mechanisms give large 
production rates and the true WW and ZZ backgrounds 
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are quite aanaceable. Searching For the heavy H* 
should be straightforward with only modest V and Z 
detection efficiencies. The rates for production of a 
!ieavy H* In association with a V or Z are eamll. If a 
heavy H* exists, the observation of this process will 
make for an interesting second-generation experiment 
at the SSC. Meanwhile, much store study of the signal 
and, especially, the background rates 1* needed. 
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Svaaaary 

We h a v e c o n s i d e r e d t h e p r o s p e c t s f o r p r o d u c i n g a n d 
d e t e c t i n g v e r y m a s s i v e ( e g , 100 GeV - 1 TeV) n o n s t a n 
d a r d H iggs b o s o n s a t a h i g h e n e r g y pp c o l l i d e r . By 
n o n s t a n d a r d H iggs b o s o n s we mean t h e a d d i t i o n a l c o l o r -
s i n g l e t a p i n - 0 p a r t i c l e s t h a t o c c u r i n m o s t e x t e n s i o n s 
of t h e m i n i m a l ( i . e . one H iggs d o u b l e t ) SU 2 x Uj model . 
Our main c o n c l u s i o n s a r e : ( a ) The p h y s i c s o f n o n s t a n 
d a r d n e u t r a l B i g g s p a r t i c l e s i s l i k e l y t o b e v e r y s i m i 
l a r t o t h a t o f t h e n e u t r a l s c a l a r i n t h e m i n i m a l m o d e l . 
( b ) M a s s i v e c h a r g e d H i g g s b o s o n s w i l l p r o b a b l y ( i e . f o r 
moot mode l s and mos t p a r a m e t e r r a n g e s ) b e v e r y d i f f i 
c u l t t o p r o d u c e o r d e t e c t , e s p e c i a l l y i f t h e i r d o m i n a n t 
d e c a y i s i n t o t E, , 
( c ) The W^ZH", tf+U+H™, and ZHCfi° v e r t i c e s a r e e s p e 
c i a l l y i n t e r e s t i n g . 
(d ) The i d e n t i f i c a t i o n of t and b q u a r k j e t s , mass 
r e s o l u t i o n f o r j e t p a i r s , and l e p t o n s i g n i d e n t i f i c a 
t i o n a r e e x t r e m e l y i m p o r t a n t . 
( e ) More d e t a i l e d s t u d i e s of v a r i o u s p r o d u c t i o n mechan 
i sms and b a c k g r o u n d s would be v e r y u s e f u l . 

M o t i v a t i o n s 1 ' 2 

A n o t h e r i n d i r e c t c o n s t r a i n t c o v e s f rom f l a v o r 
c h a n g i n g n e u t r a l c u r r e n t (FCNC) U n i t s , t h e K , - Kg mass 
d i f f e r e n c e , e t c . I n p a r t i c u l a r , n e u t r a l l l i g g s b o s o n s 
i n g e n e r a l h a v e d a n g e r o u s f l a v o r o f f - d i a g o n a l c o u p l i n g s . 
T h i s i s a v o i d e d i n mode l s w i t h n a t u r a l f l a v o r c o n s e r v a 
t i o n 6 , i n w h i c h t h e n e u t r a l s e t t e r o f o n l y one B i g g s 
d o u b l e t c o u p l e s t o t h e c h a r g e 2 / 3 q u a r k s , and o n l y one 
c o u p l e s t o t h e c h a r g e - 1 / 3 q u a r k s ( i n s u c h m o d e l s t h e 
Yukawa m a t r i x f o r e a c h c h a r g e q u a r k i s p r o p o r t i o n a l t o 
t h e mass m a t r i x and i s t h e r e f o r e f l a v o r d i a g o n a l ) . I n 
t h e m i n i m a l mode l t h e same d o u b l e t c o u p l e s t o b o t h 
t y p e s of q u a r k s a n d t h e Yukawa c o u p l i n g t o q u a r k n± i s 
h i " S^±/2H^f w h e r e g • e / s i n o ^ ie. t h e S t ^ gauge c o u p 
l i n g . In a p a r t i c u l a r l y s i m p l e two d o u b l e t m o d e l , t h e 
n e u t r a l member o f t h e f i r s t ( s e c o n d ) d o u b l e t c o b l e s 
o n l y t o t h e c h a r g e 2 / 3 ( - 1 / 3 ) q u a r k s , s o t h a t t h e c o r 
r e s p o n d i n g Yukawa c o u p l i n g s o f t h e weak o i g e n s t a t e 
U i g g s f i e l d s a r e 

h i • \ « \ / 2 M W 

h i - X2 »V 2 l Sl (1) 

I n t h e m i n i m a l SU~ x Lh m o d e l , s p o n t a n e o u s syntme- "where X, „ > 1 - Both v e r s i o n s c f t h e u s t u r a l f Lavot u 2 
t r y b r e a k i n g i s a c c o m p l i s h e d by a s i n g l e H iggs d o u b l e t 
( I m p l y i n g one p h y s i c a l s c a l a r p a r t i c l e ) . However , 
many m o d i f i c a t i o n s and e x t e n s i o n s r e q u i r e a d d i t i o n a l 
e l e m e n t a r y H iggs m u l t i p l e t s . T h e s e i n c l u d e m o s t m o d e l s 
i n c o r p o r a t i n g s u p e r s y m m e t r y , t h e P e c c e i - Q u i n n s o l u t i o n 
t o t h e s t r o n g CP p r o b l e m , s p o n t a n e o u s CP b r e a k i n g , 
s p o n t a n e o u s l e p t o n number n o n - c o n s e r v a t i o n , f a m i l y sym
m e t r i e s , e t c . I n a d d i t i o n , e x t r a p h y s i c a l s p i n - 0 p a r t i 
c l e s emerge i n m o s t mode l s w i t h o u t e l e m e n t a r y H i g g s 
f i e l d s , such a s c o m p o s i t e H i g g s 3 m o d e l s o r t e c h n i c o l o r . 

E x i s t i n g C o n s t r a i n t s 

T h e r e a r e n o s i g n i f i c a n t d i r e c t c o n t r a i n t s on n e u 
t r a l H iggs p a r t i c l e s 1 u n l e s s t h e y a r e l i g h t e r t h a n 
z 1 GeV. In p a r t i c u l a r , t h e s t a n d a r d H i g g s c a n n o t 1 be 
l i g h t e r t h a n m^-m^. E x p e r i m e n t s a t PETRA r e q u i r e 
my ± >16 GeV f o r s i n g l y c h a r g e d H iggs b o s o n s u n l e s s 
t h e i r c o u p l i n g s t o TV T a r e a n o m a l o u s l y s m a l l . A l s o , i f 
t h e UA1 group h a s I n d e e d o b s e r v e d t h e t q u a r k ( v i a i t s 
e x p e c t e d s e m i l e p t o n i c weak d e c a y ) one h a s % + > m t - m. 
f o r most m o d e l s . 

An I m p o r t a n t i n d i r e c t c o n s t r a i n t i s p r o v i d e d by 
the n e u t r a l c u r r e n t p a r a m e t e r p = t n g / m ^ c o s 2 6 „ , w h i c h 
i s e x p e r i m e n t a l l y v e r y c l o s e t o u n i t y . T h i s s t r o n g l y 
s u g g e s t s t h a t o n l y H iggs d o u b l e t s o r s i n g l e t s have s i g 
n i f i c a n t vacuum e x p e c t a t i o n v a l u e s (VEVs) . O t h e r p o s 
s i b i l i t i e s i n c l u d e ( a ) a c u s t o d i a l SU2C symmetry t o r e 
l a t e t h e VEVs of o t h e r Higgs r e p r e s e n t a t i o n s - * * - * , ( b ) 
f i n e t u n i n g , o r (.c) t h e u s e of some s p e c i f i c B i g g s 
r e p r e s e n t a t i o n s w i t h I > 3 which a l s o g i v e p • 1 . 

c o n s e r v a c i o n m o d e l c a n be g e n r a l i z f o ( and t h e Yukawa 
c o u p l i n g s e n h a n c e d ) b y a d d i n g a d d i t i o n a l H i £ g s .Mu l t i 
p l e t s w i t h n o n - z e r o VEVs b u t no Yukawc c o u p l i n g s t o 
q u a r k s . 

A n o t h e r p o s s i b l e s o l u t i o n t o t h e FCNC c o n s t r a i n t s 
i e t o s u p p r e s s t h e unwan ted a m p l i t u d e s , e i t h e r by f i n e -
t u n i n g p a r a m e t e r s o r by a s s u m i n g t h a t t h e r e l e v a n t 
Higgs b o s o n s a r e v e r y m a s s i v e (> s e v e r a l TeV) . 

N o n s t a n d a r d H iggs b o s o n s do n o t c o n t r i b u t e s i g n i f i 
c a n t l y t o g - 2 , n o n l e p t o n i c p a r i t y v i o l a t i o n , e t c . , f o r 
m o s t r e a s o n a b l e mass and p a r a m e t e r r a n g e s , l l ' i 

T h e r e a r e a number of t h e o r e t i c a l c o n s t r a i n t s on 
H iggs m a s s e s . I n t h e m i n i m a l model vacuum s t a b i l i t y 
r e q u i r e s 7 * 8 m > m ^ j / v T s 7 GeV, where m ^ i s t h e 

C o l e m a n - W e i n b e r g ' m a s s , w h i l e COSI&Q l o g i c a l a r g u m e n t s ^ * 1 

s u g g e s t ra^ > IHQJ ~ 1 0 . 3 GeV. N o t e t h a t t h e s e bounds 

a r e weakened by a f a c t o r [ _ l - ( m c / 8 1 . 2 GeV)^J f o r a 
h e a v y t q u a r k o r by a f o u r t h f e r m i o n f a m i l y . These 
l i m i t s do n o t h o l d i n n o n s t a n d a r d mode l s ( e x c e p t 1 f o r 
bounds on a p a r t i c u l a r l i n e a r c o m b i n a t i o n of nT„ ) . 

i 
T he r e a r e no r i g o r o u s u p p e r bounds on Higgs m a s s e s . 

In t h e m i n i m a l model m u 0 ° *^2Xv, whe re v = (JT Gp)~^ 
= 246 GeV i s t h e weak s c a l e and A i s t h e Higgs q u a r t i c 
s e l f - c o u p l i n g . I f A > 8 i r /3 ( m ^ 0 - 1 TeV) one h a s a 
s t r o n g l y c o u p l e d t h e o r y 1 0 ' 1 1 a n d , i n p a r t i c u l a r , t r e e 
u n i t a r i t y 1 0 f a i l s . However , t h i s i s n o t n e c e s s a r i l y 
d i s a s t r o u s : t h e e f f e c t s of t h e s t r o n g l y c o u p l e d H i g g s 
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sector are screened at low energ ie s 1 2 and there nay be 
i n t e re s t ing consequences at high energy,"•• L U such as 
Biggs-Higgs bound s tates or multiple W.j*id 2 production. 
For nonstandard Higgs i t can be •how-" very generally 
that the l i g h t e s t physical neutral Biggs partic"'.: i_s t 
s a t i s fy OL.0 4 JTH v, where X i s a p a r t i c u l a r quartlc 
coupling. 

In the tvo-doublet nodel' 
servation one had 

with natural flavor cc;<-

\'\ 

\V/ <2) 

where tf. 0 O/J,0) has Yukawa couplings to the charge ^ 
(- -lb quarks only. fThe. leptonic couplings must alsc 
be Specif ied) . This can come about because of some 
addi t ional syicai- t r y , such as supersynr&etry or an addi
t ional global U± Dr d iscre te symmetry. The VEVs are 
<Jf °> » \>±/&, with C*>i2 + v 2

2 " )* e v = 246 GeV - 2"y/g. 
The r-bysicol (mss* eigenstate) Riggs p a r t i c l e s are 

r (v-* '*V <V)A> 

Jil 
ft n 

ft 
"1 jV + *2° + - 1 

V i | + c r : , 9 ^ _ . X V ? J 

where 6 i s a mixing angle determined ( l ike v . and ^ 2 ) 
by the parameters in the Higps po t en t i a l - Tan8 is 
typ ica l ly of o rder 2 v i V v 2 (times a r a t io of quar t i c 
couplings) . For s impl ic i ty , CP invariance has been 
assumed in (3) , in which case ip,° and 1̂ 2° couple to 
fermions as sca la r s and i|^° as a pseudoscalar. (If 
t h i s assumption i s relaxea then ij> o 4>2°, and iK° can 
a l l Tiix an<? the Yukawa couplings become mixtures of S 
and P ) . The Yukawa couplings are given in Table 1. 

For v, « v 2 - v (or v 2 « v = v) the Yukawa 
couplings proporclonal to H u (H ) are enhanced. The 
ei;is tiny constraint.- are not very s t r i ngen t , however. 
For v^ < v 2 one has (Abbott e t a l . 2 ) jvj /v. |<(2mD+/m )** 
from the K,-Kg ^ass difference, which i s of 0(10) for 
n . - MM ( t h i s may be strengthened somewhat for a large 
t quark mass^) . Sner and Silverman 2 have recently 
argued tiiac | W ' . j J ^ + / /m ; n*c i f the t quark decays 
normally, and have discussed (future) cons t ra in ts from 
toponi'utn. The l imi t s on v 2 < Vj are even weaker: 
|v / v 2 | < i o (m +/m J*5 from D° + D° (Abbott e t a l . 2 ) and 
<4.0Cmlj/+/inb> possible from b decay (Sher and Silverman2) 

Another i n t e r e s t i ng model (Machacek, re f . 5 ) , 
motivated by composite Higgs models 3 , leads to doubly 
charged Higgs p a r t i c l e s as well as new couplings. I t 
has an ordinary Higgs doublet X D (X*X°)T and complex 

d 

<3° / 

6 

X 2Mw 

J 1 
M - 2 T5 

Table 1. Yukawa couplings to quarks in the two doub
l e t model with na tu ra l flavor conservation. Mu and M'1 

are the diagonal mass matrices for the charge ^ and 
charge - -j quarks, respec t ive ly , and K i s the 
Kobayashi-Maskawa-Cabibbo matrix. The couplings for 
t//2 are obtained from those for 1 .̂° by replacing 
cos9 •+ - s in6 , sln9 •* cos6. 

(I/J) and r ea l (£) Higgs t r i p l e t s 

4 -
(4) 

The t r i p l e t s have no Yukawa 
couplings. One pos tu la tes that for some reason there 
i s a custodial SU 2 c symmetry manifested by <$> <= diag 
(b b b ) , so that p = 1. Then v = 246 GeV = *$b 2 + a2, 
where <X°> = a/i-7. The physical Higgs s t a tes then 
consis t of an SU 2 c 5-plet (% , %*, H 5 ° , H 5~, H —) , 
an SU 2 c t r i p l e t ( H 3

+ , H 3 ° , H 3 " ) , and two SU 2 C s ingle ts 

Couplings 

The various models may be distinguished by the 
couplings that are allowed at tree level (or at one 
loop level for the gluon vertices). The allowed coup
lings for the minimal (one doublet) model, for two non
standard models just described and for technipions in 
technicolor models (Lane, ref. 1) are indicated in 
Table 2. A noteworthy feature is the ZH^H^ vertex, 
which first appears in the two doublet model". Also, 
the 22H° and W T T H 0 vertices are present in all 
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Minimal Doublets 
model Two and 

Vertex (One doublet Triplets Technipions 
doublet)_ 

Y, Z * H + H" X y e s y e s y e s 

*->•*? X y e s y e s K 

W ++H +H° X y e s y e s y e s 

ZZ-H1° y e s y e s y e s s u p p r e s s e d 

wV-H° y e s y e s y e s X ? 
W+Z-+H+ X X y e s X 5 
w W X X y e s X 

W+W7ZZ->H°H° y e s y e s y e s p r o b a b l y 

Y Y j W V ^ Z ^ H - X y e s y e s p r o b a b l y 

¥W . Z V - ^ H 0 
X y e s y e s p r o b a b l y 

gg+H y e s y e s y e s y e s 

gg-H°H° y e s y e s y e s -
gg+H H X y e s y e s •• 
Table 2. Vertices that are allowed at tree level 
(or one loop level for gluons). The subscripts S 
and P refer to scalar and pseudoscalar, respectively. 

elementary Higgs models, but the W ZH~ vertex is absent 
in all models involving Higgs doublets only (this is 
most easily seen by going to the basis in vhich only 
one doublet has a nonzero VEV). 

Production, Detection, Backgrounds 

Standard Model 

If the standard Higgs mass EL, 0 is <100 GeV, it can 
be produced by toponium •+ H°Y (ret. 17), by Z + Z*H°, or 
by e+e~ •*• Z* * ZH C (Z* is a virtual Z ) , with Yfi -*• \ \ 
or bb. 

Higgs physics wi l l be very d i f f i c u l t 1 8 i f 100 
GeV <.HL, 0

 < 2R,. The H° may be produced by gg fusion 
(ref. 19), by WW or ZZ fusion (ref. 20), or by gg+H°tt 
(ref. 21), with a large cross s e c t i o n , i ' - 2 2

 D U t t n e 

dominant t t or blj decays should be swamped by QCD back
g r o u n d s 1 8 ' 2 1 - 2 2 . (The d e c a y 2 3 H°-*-WW**WFF may be a 
p o s s i b i l i t y , however). The bes t p o s s i b i l i t y i s proba
bly qq-+W*-»-WH0 or qq"-»-Z*-*-ZH0; although the cross sec
tion i s low (see Figure 1 ) , the s ignal may s ign i f i can t 
ly exceed the background with appropriate c u t s . 1 8 

For HL,0 > 2H, one has the cleaner s ignature 
H +ITH" or ZZ (assuming that one can recognize W's and 
Z*s). Cross sect ions for gg + H°, WW or ZZ-t-H°, 
gg-*-H°tt, arid qq-Mffi are shown in Figure 1. Assuming 
that 0 " 10"^ nb i s required for observabi l i ty (10^ 
events for L = 10^" cm""2, which allows the secondary 
W's to be observed by the i r leptonic decays), i t should 
be p o s s i b l e 1 8 to observe the WH° or H°tt processes for 
MH D < 400 GeV (the WW-*-".0 process i s defeated by 
qq- -*• U^V- background ) . For 400 GeV to 1 TeV i t may 
be possible to observe WW -+H0 -*-W W~, although background 
from qq -*-\PV~ i s s t i l l a severe problem. 

W 

w» 

icr" 

£ w 4 -

w 5 

«r»* 

\ pp—H.X 

i 

•/! «*0T«V 
!r,,«30S«V -

- "•-. —_W"W^-H . 

-

\ 

-

\ \ > X g g — r t H 

\ 
X \ g g - n 

_ N ,N 04 08 12 
tt̂ CTeV) 

16 20 

Figure 1. Cross sect ions for production of a conven
t iona l Higgs boson a t / s ~ - 40 TeV (from ref. 21) . 

Nonstandard Neutral Hiatus 

The production mechauisms and s ignatures for neu
t r a l Higgs are sicAlar to those in the minimal model, 
with two exceptions. 

(a) The Z ° H U K " v e r t e x 1 6 allows neut ra l Hl| ,s pro
duction via the°Drell-Yan process pp -+2™-»-HguHpU. This 
has been calculated for the case of JDJJ m my- by 
L a n e 2 4 , who finds a s ign i f ican t cross section for 
ma<200 GeV (Fig. 2 ) . 

(b) The t t l l ° ve r t i ces may be enhanced by 
|V2/Vi|<(2 m , / m c ) ^ leading to enhancements of the 
cross sect ions for gg -*-H°tt (Fig. 1 and ref. 21) , 
tt-t-H° (Fig. 2 ) , and gg-*H° (via a t or a new very 
heavy quark loop) by ( v / v , ) 2 and to gg-^H°H0 by 
(v /v^ ) .* The l a t t e r two processes have been ca lcu la t 
ed in the l imi t ra >^H» *̂ T by Gavela and Gunion2 with 
encouraging resulEs (Fig. 2 ) . (The gg-»-nH° cross 
sect ion i s also enhanced by very heavy quarks in the 
minimal m o d e l 2 5 . ) 

Charged HigRS 

Suff ic ient ly l i gh t charged Higgs bosons may be pro
duced via e+e~-*-y, Z-^-H4*!" or in t-*bH + decay, with 
H+->-cs or t b , depending on the masses. 

Heavier charged Higgs bosons may be very d i f f i cu l t 
to produce or i den t i fy . In models with Higgs doublets 
only the dominant decay modes are expected to be H -*th 
and/or H+^W+H0 ( if i t i s kinematically allowed)- The 
former decay should generally be swamped by QCD back
grounds unless t and b j e t s can be ident i f ied with 
high eff ic iency. The W*H° mode i s more promising, 
especia l ly i f the H° i s heavy enough to decay in to 

Models with doublets and t r i p l e t s have the 
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Figure 2. Cross sect ions for the production of non
standard Higgs bosons. The Drell-Yan cross sect ions 
for Z*-*H+H~ aad W*-»-ff*S0 are s imi lar to Z* + Hg°Hp° and 
a l l assume equal mass s c a l a r s . The gg cross sections25 
assume m >mn» vS" and should be mult ipl ied by (v/v-j) 2 

for H° or ( v A ^ ) 4 for H°H°. The tb + H + and t t •+ H° 
cross sect ions assume m t • 30 GeV and should be mult i 
pl ied by ( v / v ^ ) 2 . The W + W + *H + + cross s e c t i o n 5 should 
be multiplied by b2/(8b2 + a 2 ) . 

advantage that the H+ can decay in to \&Z ( i f kinematl-
cal ly allowed), or H + + -^W 4 V f . The H"**** decay i s one 
example of i n t e re s t ing physics for which good sign 
iden t i f i ca t ion i s needed. 

Charged Higgs bosons may be produced by the Drf;ll-
Yan processes pp-* Z*-»-H+H~ or pp-^W^H"*!!0. Unfortun
a t e ly , the cross sect ions are smal l 2 * above m^ - 200 
GeV (Fig. 2) and QCD backgrounds(eg. to the f inal 
s t a t e ) are l i k e l y 2 * to be severe (0(nb)) . More d e t a i l 
ed est imates of the backgrounds, of the pos s ib i l i t y of 
ident i fy ing t and b j e t s , and of the Drell-Yan cross 
section for the case nu, 4 OL, would be very helpful . 

Other p a i r production mechanisms are gg-t-H^H", 
vhich i s proport ional to (V2/v^) 4 and i s l ike ly to be 
EiEilar to gg-*H°H° (ref . 25), and (WLWL or ZLZL+H+H" 
or v£Zj-V*H0 (L represents long i tud ina l ) . Byers 2 6 has 
es t ina ted t^ie cross section for pp-*-H°H° + X via 
"*'. if -B°H° (which i s expected to dominate) for the 
£i&naard Higgs (the H^U" and Y&a° cross sections are 
prsE-jcsbly s i Q i l a r 2 ? ) * Using the amplitudes of Lee, 
3ui£g, and Thacker 1 0 and the e f fec t ive WjWL luminosi
t i es c5 Dsvson 2 8 , she finds the discouragingly low 
walwa ' ~ K)-*ab (*s740 TeV)*. 

Charged Eiggs bosons may a lso be produced singly. 
tiocbaeeft^ b&s es t ina ted the cross sect ions due to sub-
P^tx^-cses swcb eb U+Z-*H+ or W+W +̂H in the doublet/ 
LripZ^t ^.-oticl. The cross sect ions are typ ica l ly of 
the B03e cxfifr es i&e irV-+H cross sect ion of the 
pinicjil cwiel (Fig. 1 ) , assuming that unknown suppres
sion f&ctprs ( r e t io s of VEVs) are not too small . The 

PP •* H + X cross sect ion i s shown in Fig. 2 . 

There are no W ZH~ ve r t i ce s in n doublet models, 
but charged Higgs bosons may be produced by d i rec t to 
fusion (the expected t and b d i s t r i bu t ion functions at 
J* ~% 40 T e V a* 6 expected to be small but not n e g l i g i 
b l e 2 2 ^ . In the two doublet model with Vj < V2 both the 
tT>-»H and tt-*-H° ve r t i ces are enhanced Bylvjy^f < 
ltem^/m . Estimates of the resu l t ing cross sec t ions , 
using the Eichten e t a l . 2 2 luminosity functions, are 
shown for m >= 30 GeV in Fig. 2 . Even for V2 •= Vj the 
cross sect ions are reasonably l a rge , suggesting that 
detect ion may be possible i f H^+W+H0. As usua l , - the 
backgrounds are severe i f ff^-^tb. If one op t imis t i ca l 
ly assumes that the t and b j e t s can be re l i ab ly iden
t i f ied^ the_dominant background i s from the QCD subpro-
cess tb -* tb , for which the s ignal to background r a t i o 
i s of order l O t ^ / v ^ (tn^/lOO GeV) (10 CeV/A) , where 
A i s the experimental mass resolut ion for the tb pa i r . 
(The background from the Drell-Yan process uT-HJ*-*tD 
i s an order of magnitude smaller for the Eichten e t 
a l 2 2 s t ruc tu re functions.) That i s not by i t s e l f too 
discouraging. However, the cross sect ion for 
pp + 2 j e t s + X i s of order 100 nb (A/10 GeV), so even 
small Inef f ic iencies in t and b iden t i f i ca t ion could 
be d i s a s t rous . A more deta i led analysis of these 
Issues would be des i rab le . 
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The study focussed primarily on the dynamics of a strongly 
in te rac t ing '* , ZIS1W) sector. ' with the a im of sharpening predictions 
for total W, 2 yield and W. Z mult ipl ici t ies expected from WW 
fusion',2 for various scenarios. Specific issues raised in the context of 
the general problem of modeling SIW included this specificity of the 
technicolor (or, equivalent^ . qCDl model, whether or not a composite 
scalar model can be evaded, and whe the r t h e s t andard model 
necessarily implies an I = J = 0 state ( = Higgs particle) t h a t is 
relatively "light" (M & hundreds of TeV). The consensus on the last 
issue was that existing arguments a re inconclusive, and I shall not 
pursue i t further in th i s report . While I shal l Briefly a d d r e s s 
compositeness and alternatives to the technicolor model, quantitative 
estimates will be of necessity based on technicolor or an extrapolation 
of pion data. 

As discussed previously. 1 up to mass dependent effects. 
S-matrix elements with external longitudinally polarized W's and Z's 
<W L Z L ) are the same as S-matrix e lements for thei r respective 
unphvsical, or "eaten", spinleus counterparts (w, z). In the strongly 
interacting limit where scalar self-couplings are much stronger than 
gauge couplings, the w. z system possesses a n approximate chiral 
SL12I symmetry analogous to that of pion chiral dynamics. Modeling 
the w. z system by scaling the pion system by the ratio 

V/f,r = 250GeV/93MeV, ID 

of the parameters that characterize spontaneous chiral symmetry 
breaking in each case is. by definition, equivalent to a technicolor 
model for electroweak symmetry breaking with an SL'(31 technicolor 
group. 

Another possible source of mul t i -W. Z p roduc t i on was 
suggested.:* namely a strongly coupled Yukawa interaction that would 
ar ise in the context of the standard electroweak model if there were 
very heavv Termions. This might then provide multi-W, Z events via 
gluon fusion (Fig. I) . Ca lcu la t ions of these processes a re in 
progress , -^ in this report I will discuss only the ideas involved. 

Technirho Production 

Modeling the SIW sector on the pion sector would suggest a 
J = I = I (W, W), (W, Z) resonant analogue of t h e 0(770): this is none 
other than the technirho for an SLT(N> technicolor gauge interaction 
with N = 3. In addition to production 6 via resonance dominated qq 
annihi lat ion, the p-r can be produced by the WW fusion process of Pig. 
7, Kef. 1. The resulting differential cross section for pp-> W ^ W " + X 
with a total c m . energy of 40 TeV a s a function of the W-pair 
invar iant mass is shown in F ig . 2 for several values of N. The 
technirfu parameters scale according t o 7 

m p T ( N ) = <3/N)l/2 V mp/fTr = 2TeV(3/Nl"2, 

r f l T ( X ) = (3/N)3/2vr p/f7r = O.STeVO/Nja* 

As N increases the resonance peak moves into a region of hight'r 
quark luminosity, but this advantage is eventually compensated for 
by a more rapidly decreasing width. Whether such scaling behaviur, 
suggested by the large N" limit ef SL'lN) gauge interactions, would he 
characterist ic of a mors genera! class of SIW models remains an open 
question. 

2 3. A 2.1 

pair messfrevj 

r i g i f'^ssible gluon fusion mechan i sm for mult i -Wi. . ZL. 
production 

Fie 2 C rosssec t i on fo rpp -W-W- + X through the W-fusion 
=ubprocess qjq2 - * qi 0.2 W + W " via (a) technirho 
formation and t t t technirho formation plus continuum 
scattering tn the Born approximation. The curves are 
labeled by the Nof S U N ) . 
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The resu l t s of Fig 2 a r e without rapidity eu t i . Since qq 
k interactions a re as effective a s qq collisions in WW fusien, and t inea 

Tor high invariant masa and a single partial wave the WW production 
is rather centra!, the effects of rapidity cut* should be fairly mild, 
reducing the s ignal by a factor of about 3 or l e s i far y < 1.5. 
Comparison of Fig. 2 with Fig. 6-1 of EHLQ« suggests that the WW 
fusion process gives a con t r ibu t ion comparab le to t h a t of qoj 
annihilation to production of the n e u t r a l tcchnirho which E H L Q 
evaluated for N = 4. They found a higher yield for charged technirho 
production, while WZ fusion to pj± should be less than WW fusion to 
PT* because of the smal ler Z-couplings to q u a r k s . Aside from 
enhancement of a possibly detectable resonance peak in the WW 
channel, what one is getting is an appreciable excess (as compared 
with gauge interactions) of multi W, Z events in the high mass region. 
The contribution of Fig. 2(b) alone, which includes non resonani WW 
scattering, should give about 1500 W + W ~ events for an integrated 
luminosity of l ( r W c m - 2 i n the W + W " invariant mass region above 
500 GeV. Even without the resolution of a resonance peak, such an 
excess of W-pair events , if measurable , would signal new s t rong 
interactions. 

S-Wave Scattering 

It was sugges ted 8 t h a t the s-wave ampl i tudes for W + W~ 
scattering could be modeled by scaling up the measured s-wave ir*Tl "" 
s c a t t e r i n g a m p l i t u d e s . Sca l ing wi th Eq . I l l ia no t e n t i r e l y 
unambiguous near threshold, because threshold behavior involves 
two parameters : f̂  or v which m e a s u r e s spon taneous ch i r a l 
symmetry breaking, and m ^ or mw.z *h ich measures its explicit 
breaking. Note that the retios 

m T T2/f 7 r2 = 2.27, (3o) 

mw 2 /v2 = 0.11, (3bl 

are ra ther different. The masses are relevant for our purposes only as 
kinematic quanti t ies that can play a role near threshold and also, for 
example , in governing phase space avai lable for mul t i -pa r t i c l e 
production to be discussed below. In studying threshold behavior, 
scaling in momentum rather than energy may be the moat reliable 
procedure. 8 

In the limit of a large Higgs mass, nin > > V s , the s-wave born 
amplitude for w * w _ -* zz is 

A 0 (w *w " -* zz) = V2 (A0o - A 0 2 ) /3, t4) 

where Aj[ is the partial wave amplitude for fixed spin J and 
"isospin" I: 

ADO = - I8k2 + 7m2)/2v2, 

(5) 

Af,2 = (2k 2 -t- m2)/v-', 

where k = Is - 4m-)"2/2 is the scattering c m momentum. With the 
substitutions V - » f f and m -* mn in Eq. (5), the AQJ a re jus t the pion 
s-wave sca t te r ing ampli tudes ob ta ined 9 from PCAC and cur rent 
algebra In that case the terms linear in m n - determine the scattering 
lengths . 9 In the w, zcase m 2 is in fart a meaningless parameter since 

the substitution W L , ZL -f w, z is valid only to order nngjf&ttz, and 
the masses of the wand t a r e gauge dependent quantities 
fm w = mw/1;). The ratio (3b| assures us that m ^ corrections are 
negligible in the region Vs > 500 GeV = 2v in which we are 
interested. 

Uni tar i ty of the S-matrix r e q u i r e s t h a t in the region of 
negligible inelasticity, the partial wove scattering amplitudes are of 
the form: 

A j | = - 16-nEa j | /k , (6) 
with 

• j f = sin I5JI expftctji), E = Vs /2 . (7) 

Since Aji does not diverge for k -» 0, we have 

and the threshold behavior required by chiral symmetry is reproduced 
for any parameterization of 5 j | such tha t 

OJI - • (SjllBorn = - k(Aj|>Ban/16*E. (9) 
k-»0 

w h e r e t h e ( A j ] ) B o m u ) r J = 0 are given in Eq. 15). 

A standard unitarization procedure is the K-matrix formalism 
(we take J • OJwhich defines the phase shift by: 

expGSeK 1) • [1 + ifaoileornWl - i(aoi)Bornl- , 1 0 » 

Both uni tar i ty and chiral symmetry will also be satisfied if we take 
instead the phase shifts 

« b ' * (aoi)Bom- (HI 

The s-wave intensity I for ir*Tr~-» T^TT0, defined as 

1 = | a o o - a 0 2 l 2 = S k 2 a ( + - - * o O ) / 8 i t , t l2) 

has been measured by Cason et al'O (Fig. 3(b)J. From this they 
extracted values of the 1 = 0 s-wave phase shift using as input a 
parameterization of the 1 = 2 s-wave phase shift: 

6 0 2 = - O t / U C e V j / l l + <k/l.l2GeV)->l i l3) 

The resulting data points for 6QO a re shown in Fig 3(al along with the 
pa rame te r i za t i on 110) and (11) of the phase shifts. For comparison 
we also show a simple linear extrapolation from the current algebra 
va lues 9 of the scattering lengths: 

6 L ' * - k[Aoi (k =0l] B c r n / l6TimTr. (14) 

That the data is better reproduced (see especially Fig. 3(bl) by the 
parameterizat ions (10) and/or (11) indicates that the k2 terms in I5i, 
t ha t a r e the only ones re levant to the w. z sys tem, a re indeed 
accurately reproduced by the data. 

We note from Fig. 3(a) that the "input" parameterization for 
d i s c l o s e to the K-matrix parameterization 110). while the extracted 
I — 0 phase shift agrees better with the simple Born parameterization 
of Eq. 111). We therefore include in the intensity paramelerizations. 
Figs. 3(b) and 3(cl, one using (11) for S 0 o and HO) for 602 This 
appears to give a reasonable fit to the pion intensity, although the 
K-matrix prescription (10) may be better for re la t ive . / low k. 

The relevant lesson is for the ww -*> zz intensity, shown in 
Fig. 3(c). where the Born amplitude and the intensity expected for a 
Higgs of mass 1 TeV are shown for comparison. Total rates for 
mult i -W, Z product ion via the WW fusion process have been 
es t imated 1 ' by interpolating between the Born approximation in the 
limit niH > > V s and a 1 TeV Higgs, giving 3.000 to 10.000 events 
for an integrated luminosity of 10*° c m - 2 . The unitarized s-wave 
amplitudes shown in Fig. 3(c) suggest only a slightly reduced yield 
with respect to the Born approximation in the region s/s ~ TeV where 
qua rk luminosi t ies are most s ignif icant . Tak ing into account 
contr ibutions from o ther pa r t i a l waves (e.g. J = I r esonance 
production as discussed above), these es t imates are probably not 
overly optimistic, but we have, unfortunately, found no reason to 
suspect that they are overly pessimistic. 
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Fig . 3 U n i U m t d a-wave scat ter ing intensities for 
T * W - -* * * i r (b) and W * W " -» ZZ (et for var ious 
parameterizations of the phase shifts (a) consistent with 
low energy constraints . Circles a re data points;'0 the 
1 = 0 pion phase shift was obtained us ing an input 
parameterization for the I - 2 phase shift. Also shown 
a re extrapolations of the Born, or soft pion, intensities. 

Alternative Models of SIW 

An al ternat ive '? to the QCD/technJMlor model is the ultracolor 
of Georgi and collaborators: in the limit in which the scale where 
ul tracolor becomes s t rong is close to t h e electroweak symmetry 
breaking scale (which, for viable models implies an additional strong, 
gauged axial Ltd) coupling) ultracolor models resemble technicolor 
models, but with a richer spectrum of bosonic states. (An interesting 
feature of these models is tha t there are no baryonic states, so they are 
distinctly different from technicolor models.) 

The class of ultracolor models that might provide viable models 
for SIW are those in which ultrafermions fall into real representations 
of the ultracolor gauge group. In the minimal model of this class, left 
handed fermions form a (2, 2) and a {1, D o f the SU<2) x SU(2lof the 
(here composite) sca lar sector. These five left handed fermionic 
degrees of freedom define a 5-pfet of "ultraflavor" L'(5). The fermion 
condensates of the strongly coupled, gauged SO(N') spontaneously 
break th is U(5) flavor symmet ry to an SO(S) flavor s y m m e t r y , 
implying the existence of 15 Ooldstone bosons that transform under 
SL ' (2)XSU(2)as : 

u~ : 12 ,2 )+ 11 ,1 )+ (3,3) + (1,1). (15) 

The above fermionic condensate, in contradistinction to conventional 
technicolor models, does not break the electroweak SL'(2);. < LVil 
gauge symmetry. To acnieve electroweak symmetry breaking an 
axial Uil) gauge interaction is introduced tha t explicitely b reaks 
flavor 17(5) to flavor U(4). The fermion condensate arising from the 
strong SO(N') gauge interactions now breaks Flavor ITU) tu fla-'or 
SO(4), leaving only 10 G o l d s t o n e b c r c ^ , namely the 13, 3) + ( l , J ; o f 
Eq. (15) above. This means t h a t the ',2,2) -i ('••, I ) are not decouple;* ; n 
the zerthinomentum limit. In part icular . the (2, 2), which ht.j the 
electroweak quantum numbers of the conventional complex Higgs 
doublet , can acquire a negat ive squa red mass and t r igge r the 
breaking of the electroweak gruge symmetry. This scenario has a 
well defined set of "low lying" resonances which is richer than that of 
minimal technicolor models. In addition to the 13. 3) + (1, 1) in H5I 
tha t might be relat ively " l ight" im < <: TeV) because of t he i r 
pseudo^oldstone boson nature , there are 10 ground s ta te spin one 
boso:is: 

1 " : (3,1) + (1.3) + (2,2). (16) 

that might have masses in the TeV region. 

Since this scenario does not reduce simply to a v/fu scaling of 
QCD, quantitative predictions of resonance parameters have not been 
attempted- The ultracolor alternative does however have in common 
with technicolor an underlying theory of fermions with strong gauge 
interactions, and it is anticipated that masses and widths should scale 
in a similar way with the number of gauged fermionic degrees of 
freedom. 

Can we evade'3 fermions altogether as underlying constituents 
of a strongly interacting scalar sector? A pure scalar field theory is 
known to be inconsis tant . 1 4 On the other hand no one would take 
seriously the notion that the scalers of SIW can be t reated as an 
isolated system at arbi trary energies; the practical implications of 
difficulties of a pure sca lar need net become manifest below the 
Planck sca l e . 1 5 Scalar a can presumably be consistently embedded 
within a supersymmetry/supergravity context, and pushing the scale 
of aupersymmetry breaking up to the Planck mass poses no practical 
problem in this respect. Similarly scalers may be composite, but, 
again this could be relevant only at dis tances t>{ the order of the 



,Planck length where perhaps fennions and even gauge bosons would 
also appear ascomposite. On the other hand, the results presented by 
Mantonie may suggest t h a t the e lementary scalar sector of t h e 
standard electroweak model will cease to be a sensible description a t a 
scale between 7 and 13 TeV. 

The bottom line is that we have no real guidance. This makes 
experimental investigation of the TeV energy region all t h e more 
imperative and all the more exciting. 

Multiplicity 

For lack of a better guide we will proceed to further modeling 
with what we know how to do. E s t i m a t e s " of multiplicities for an 
SIW sector have been made on the basis of masstess phase space and 
assuminga factor Vs/v in amplitude, inspired by chiral symmetry, for 
each emitted Wt , ZL- For processes involving couplings to "parity 
violating" weak external sources IW7, Z-r, heavy quarks! this gives: 

0 ( n + l)/o(n> = s/U6Tl2v2n(n-I>l. (171 

For purely "s t rong" effects t h a t govern the WW fusion process, 
"parity" is conserved, and only an even number of Wj,. Z L can be 
produced: this gives 

a ( n + l l / o ( n - l ) = (5/16TTV2}2/In(r.-l)(n-2H. (18) 

.001 

Ellis'? has done a careful calculation of the "technirho" decay 
branching ratio using the constraints of current algebra and PCAC, 
The analogous ca lcu la t ion 1 8 for the p gave 

r ( p - . 4 T T ± ) / r ( 0 - » 2 T l ± ) = 2 X 10-5 . 119) 

Fig. 4 Fraction of 4W production in W * W ~ sca t te r ing a s 
predicted from ch i r a l s y m m e t r y , I T compared wi th 
est imates based on phase space and the Vs/v m t e . " 

Scaling this result according to ffj -» v , m ^ - * row and 
m p = 700 MeV -* M - p = 1800 GeV (900 GeV), gives 

r ( p - r - * 4 w V r ( p - i — • 2 w l = 3.7(1.91 X 1 0 - 3 . (20) 

to bo compared with the prescription of Eq. (18) which gives 
8 9 (0.6) y 10-3 Since the p-r~ decay involves p-waves, it is not 
surpr i s ing tha t phase space alone is inadequate , but t h e l a t t e r 
estimate is not off by an order of magnitude. 

E l l i s " applied the same techniques to calculete the 
Ol2w -* 4w)/a<2w -* 2w) cross section ratio in the Born approximation 
for mH > > s. In this t ise there is a large J = 0 contribution, and the 
estimate using the prescription (181 is fairly accurate, a s can be seen 
in Fig. 4. This unfortunately lendr confidence to the es t imates of 

Chanowitz and myself1 ' who found 10 • 75 four-body W L , Z L events for 
fdt L - 10*» c m 2 with s a 0.5 TeV from the WW fusion process for 
various parameterizations of the WW total cross section for 
mii 2 1 TeV. 

At sufficiently high energies one expects the scaling law (18), or 
the chiral symmetric Born amplitudes, to break down. Again one can 
mode l 8 ' 1 7 the SIW sector by scaling up the pion sector in the resonance 
region. This could underestimate SIW multiplici t ies, because, a s 
indicated by the ratios (3), if we scale according to sw = iv/f t r ) 2 sr . the 
available phase space for multi-W, Z production a t sw exceeds that for 
multipion production a t s^ , because of accidents of mass values. 
•Jaffe8 pointed out however tha t 4TT production does not become 
significant below multi-resonance thresholds, where the pion mass is 
itself insignificant. !n other wordp *I.e p r u s i p l e source of high 
multiplicity pion production appears to be reso ?-",-:* lecay, with the 
primary interactions olways being 2 -* 2 s ta t te / ing, or 1 -» 1 decays. 
This feature may be specific to the underlying QCD s'r ;cture and 
duality diagram prescription that it implies. So again the question 
arises: can we e v a d e 1 3 an elementary fermion model? 

Table 1 shows the number of 4-body Wj„ Z[, events For 
/dt L = I 0 4 0 c m - 2 expected from resonance production by W + W~ 
fusion for various resonance pa ramete r s , assuming a product of 
branching ratios in the range 

0.1 -sB(4w) BI2w) S O 2 5 i21l 

The resonance parameters are obtained by scaling pion resonance 
parameters using the prescription (2) for N = 3 (QCDi and N = 7 
Onlyif the scaled up version of the pl7,*» has a substantial branching 
ratio into 4-body final s ta tes tnot the case for the pion system, nor 
anticipated by the chiral symmetry est imate, Eq. (20)1 can we expect 
more than a handfui of 4-body events from these processes Hopefully 
the real SIW will not mimic QCD so closely. 

Expec ted n u m b e r of 4-bcdy W[_, Z L e v e n t s Trim 
resonance production hv WW fusion in pp collisions vith 
/ d t L = 1 0 * ° c m - 2 a n d E c m = 40 TeV. assuming 
Eq.(21). 

Low energy model 
I MeV) 

g I + ( 3 - > 
m = 1691 
r = 200 
B 2 - B 4 = 0.17 

0 ' 1 + I1") 
m = 1600 
T = 300 
B 2 • B 4 ^ 0.3 

p 1 + U " t 
m = 770 
T = 1J4 
B 3 • B* - 0 

Technicolor" extrapolation 
(GeV! 

N - 7 N = 3 

g T l * < 3 - > 
m = 4546 
r = 538 
< 0.3 event 

p - r ' l + l l - ) 
m = 4301 
r = BOB 
1 5 to 4 events 

m = 2070 
T = 414 
100-280 events 

B T \ * \ 3 - > 
m = 2976 
r = 201 

5 - 12 events 

2815 
r = 301 
8 to 20 events 
pTl*(l-l 
m = 1355 
r = 155 
230-580 events 
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Strongly Interacting Yyfcf — fift^y 

If there a re very heavy ferraiont t h i t acquire a u u e s v ia 
Yukawa couplings to the s tandard model Higgs doublet, then t h e 
physical Higgs and the longitudinally polarized vector • M O M W L , Z\. 
are strongly coupled to the heavy fermions. T h u has keen suggested^ 
as a possible source of multiple Higgs production, especially relevant 
to the case of an elusive "intermediate" mass 
(40GeV < m» %. 2mw) Higgs boson,l9 via gluon fusion through a 
heavy quark loop as in F ig -1 . 

In the scenario considered here, m n ~ ' TeV, the process of 
Fig, 1 co-'ld under certain circumstances provide an additional source 
of muIti-W-Z events. Calculations of the general multi-boson loops 
are underway^.5 here I shall outline the physical principles involved. 
The strong sector of the theory is now defined by t h e scalar and heavy 
fermion sectors including Yukawa couplings. The scalar sector alone 
possesses as before a chiral SU<21 symmetry, and S-raatrix e lements 
for the "pseudo-scalars" w* , z are equivalent to S-matrix elements for 
W L * . ZL up to Olmw/E) corrections. To the extent that the heavy-
quarks a re pair-wise degenerate, i.e. tha t their Yukawa couplings a r e 
invariant under suitably defined chiral SU(2) transformations, t h e 
full strongly interacting sector is chi ra l SUC2) invariant . As the 
Goldstone bosons of this spontaneously broken chiral symmetry, the 
w±, z (or W L ± , ZL) must decouple a t zero momentum. On the other 
hand, if there is substantial splitting for some quark doublet, th i s 
represents an explicit breaking of SL"(2) X SU(2), and the Coldstone 
theorem need not apply. 

To illustrate, consider gluon fusion to a single (real or virtual) z 
(or ZL) . Working in a renormalizable gauge the z couples to the heavy 
quark through a pure pseudoscala coupling proportional to the thi rd 
component of the quark weak isispin. The calculation of the gluon 
fusion process reduces to the Steinberger2D calculation of TT° - • Y"Y. 
giving the well known result tha t the amplitude drops rapidly to zero 
for m q 2 < pi 2 /2 , and takes a non-zero value essentially independent of 
mq for mg2 > ^ 2 . Since the two components of a quark weak 
isodoublet contribute with opposite signs, there is no net contribution 
unless they satisfy a mass relation H I Q I 2 s pj2 < mQ2 2. Roughly.one 
obtains a contribution proportional to: 

Z H H Q H > - 2 H « K U K ) " S H«KD H ) . 122) 

where L'H and D H are "heavy" (ITIH 2 •£ p t

2 ) quarks of charge 2/3 and 
- 1/3 respectively and I(U) = J(L') (KD) = - J ( D » is the contribution 
to the amplitude of Pig. 1 from an external quark Q = U or D. 

Alternatively, one may transform the fields to obtain the non
linear O-model formulation, in which case the w, t appear only with 
derivative couplings and couple to quarks through Vhe derivative of an 
axial vector coupling. In this case w, z amplitudes vanish explicitly as 
p/rciQ -* 0 unless there a re anomalies (or explicit chiral symmetry 
breaking). In this formulation, the calculation reduces to the mare 
modern ca lcu la t ions 2 1 of 1T° -» YY land is equivalent to a direct 
calculation of gg -» Z L in the unitary gauge!. For "light" quarks (L) 
only the anomaly A<Q) contributes, while for m ^ 2 Z p* 2 , the anomaly 
exactly cancels the mass dependent contr ibut ion K Q H I , giving a 
contribution to gg—* z proportional to 

E L A ( Q L ) = - E L A ( Q H ) = Z H K Q H ) . 123> 

which is the same as (22); the first equality in (23) holds because the 
theory is by construction anomaly free when summed over all quarks . 

We a re really interested in multi Wj,, ZL production. Up to 
mass dependent effects, the production of an odd number of w, z is 
completely d e t e r m i n e d ^ by the axial anomalies, and, roughly, a non
zero amplitude should be found if some quark doublet satisfies 
niQi 2 S s £ mQ2 2 . where V s is the total cm energy of the di-gluon 
system. We already know from the strength of the neutral current 
couplings and the Z and W masses tha t quark doublet mass split t ings 

cannot exceed a few hundred GeV. However, when mass dependent * 
effects a re included,* there may be some window for an observable 
effect. 

Gluon fusion to a "parity-even" system of w, z and Higgs i s 
governed by the trace anomaly rather than the axial anomaly, and the 
presence of a t race anomaly does not invalidate the soft meson 
theorems of chiral symmetry. Since gluon fusion into, say, a pair of z's 
is proportional to (T3) 2 for each qua rk , no cancellation can occur 
between members of a doublet, so the decoupling theorem must hold 
for each quark loop separately, and it is probable that gluon fusion to 
2n(w, z) alone will be suppressed as s/mH 2 or s/mq?. 

I t therefore seems likely t h a t the gluon fusion process is most 
promising a s a source of multiple "light" Higgs,i9or, possibly for 
2mw < mji < <• TeV, a source of multi-W events via Higgs decay. 
Results of explicit c a l c u l a t i o n s ^ will give a more precise answer. 

Conclusions 

The lesson for SSC exper imen ta t ion , is , a s before , 1 t h a t 
identification of W s and Z's is a crucial issue. Further questions that 
should be pursued include: 

At what level of production car. multi (N & 31 W, Z e . e m s he 
detected? This requires more serious study of multi-jet (N J e i *• J ) , 
W, Z + multi-jet, 2{W, Z) + jet , etc. backgrounds, as well as the effects 
of rapidity cu ts on various classes of events. 

Are the general features of a strongly interacting W, Z sector 
discernable w ^ . o u t event-fay-event identification? Signals include an 
enhanced W, Z yield, a n enhanced 3/W ra t io , and a n enhanced 
componentof longi tudinal lypolar izedZ's in the ta i l fVs 2 500 GeV l 
of the effective center of mass spectrum. The question is whether 
these effects a r e sufficiently pronounced that deviations from purely 
gauge interaction effects could be extracted by comparing, say, events 
containing one or more leptonic decays with total transverse energy 
greater than or less than 500 GeV. 
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SUPERSYMMETRY AT T H E SSC 

John Ellis 
(Representing the Supersymmetry Subgroup)?* 

CERN, Geneva, Switzerland 

The topics studied by this working group can be grouped under 
four main headings: 

(A) Conventional SUSY phenomc ziology in which the re i s a 
mult ipl icat ively conserved quan tum number R a n d the l igh tes t 
spar t ide is a stable photino y which provides a missing p r s ignature. 

IB) Alternative SUSY phenamennlogies, including those with a 
different lightest snarticle such a s the sneutr ino 7 .8 Higgsirio H or 
gluino'g, 9 and models in which R parity is broken so tha t the p a t i n a 
becomes u n s t a b l e . 1 0 We studied how much of t h e convent ional 
missing p j s ignature would survive in such models. 

(C) What if some spa r t i de weighs less t han 100 GeV and has 
been detected a t the SppS Collider or a t the FN'AL Tevatron Collider 
before the SSC comes into operation? We studied the distrubutions of 
light q or g partons in the pro ton , 1 1 and the problems of dist inguishing 
the missing px s ignatures of light and heavy sparticles. 

(D) SUSY Higgses, of which there must be two doublets whose 
masses are constrained. 12,13 Moreover, once two masses a re known, 
all other physical Higgs masses and couplings a re fixed.1* 

In what follows, topics (At and (B) a re reviewed in some detail, while 
topics (C) and (D) receive less attention. 

"w 
| 0 - 9 

; > i p b for ^ S J l - 4 TeV av E„„ -
10 
20 TeV 

Uo 
(2) 

and idei l ly 2(6)-jet final s ta tes if q-* qy (q"-» qg, % -* qqy) decays 
domina">«, in both cases with a large missing pr signature. In the 
la t t e r case, we find* tha t the jets emerge with < y 2 > m - l , A8 - 1 
radians and the average of the minimum je t p? is 90 GeV, if we take 
m$- = 1 TeV and my = 700 GeV a t E m = 20 TeV as an il lustrative 
example. The observable cross-sections a re not greatly reduced 4 if one 
rest r ic ts oneself to events w i t h > £ > 50 GeV. Moreover, the missing 
PT vector is generally isolated in azimuthal angle, having components 
PTT t ransverse to the observable q and q jet a*es which a re much 
greater t han 100 GeV on average This makes heavy sparticles easy 
to distinguish from lighter sources of missing pr , su£h£s the t quark 
which gives |prr1 s m t /2 * 20 GeV. In the case of t*C~ production, 
the y and Z0 production diagrams giveZ 

j u T 1 ' - * f 0 I . ^ . 180, 

Conventional SUSY Phenomenology 

In most SUSY models there is a mult ipl icat ively conserved 
quantum number R = + 1 for all conventipnalnarticjes (q, L, g. W, y, 
HI and R = - 1 for all their spanner s (q, c\ %. W, ? , H). R conservation, 
would tmplv that sparticles are always produced in pa i rs (e.g. pp -* qq 
or q*g or gg or ...), that every sparticle decays into another sparticle 
(e.g. qf-+ q'f 1, and therefore that the lightest sparticle is stable. There 
are cosmological reasons to expect this lightest sparticle to be neutral 
and not strongly interacting, with the favoured candidate being the y 
discussed h e r e . ' 6 In such a S f S Y model the re is a missing P T 
s ignature as photinos escape after being produced in the decays of 
heavier sparticles, e g q*-* qy, £ - » qqv, W -* fT"^ etc. Tota,lj:ross 
sections a re available for the pair-production of gg, tfcf, qg, Wg, Yg, 
and ??.i-2J.4.5.6 Detailed final state Monte Carlo ca lcula t ions a r e 
avai lable for the first two subprocesses, 3 - 4 and one in progress for the 
r.ext three 6 The resul ts are not reproduced in detail here, since they 
a r e already available e lsewhere. 4 Suffice to say that 

ffas*iffi* 
i 

1-6 
2 -4 

10 
20 TeV 
40 

(1 ) 

The expected decays f* -+C*y wouii give (?*£" -^pfptor . ta Among 
the possible backgrounds are heavy lepton pair L*I .~ production, 
which has a c.oss-section s i x OT*T~ Heavy leptons with masses 
mi - a 100 GeV are expected to decay into v + W - W - -» qifor 
f - \ ) . T h e l a t t e r mechanism yields f t " pa i r s of u n c o r r e c t e d 
flavours and with relatively low invariant mass. Since each 
V/~ -* t~ V decay has an &% branching ratio, this is not a substantial 
background. The cross-section Tor W W " production is k - g e r 
O w * w - - 10 a?*?-- , but again the W * decays give f T of 
uncor rec t ed flavours, and the two branching rat io factors vjeld a 
stgnal-to-baekground ratio of Of 101 One can also produce £ - \> pairs 
via the W ± , b u t o f t > i ' < 1/2 Of>v, and this process seems unlikely to 
be observable if the \f decays invis ib ly . ' 6 Even for -y ~* visible decay 
products there a re many backgrounds. 

Another possible production mechanism for heavy strongly 
interact ing sparticles isdifTractive, 4- 7 with a g g o r q q p a i r produced in 
the forward direction with low pr. while the opposite hemisphere is 
"quiet". One expects a cross-section for such a mechanism of the 
general form 

Convent ional ly , , o n e e x p e c t s t h e decay *% - * q q f to d o m i n a t e , 
resul t ing* in a large missing p j s ignature (p£ = 0(mg/2)land ideally 
four tTnaf s t a t e jew For m y = 1 TeV and E c m = 20 TeV we find that 
ih^yemergB-with rapidit ies y- < y 2 > " 2 ~ 1, angular separations 
t£&- l ' 5 r ad i ans . arid the average of the minimum pr je t being O' 140) 
GeVv- In the case <sfqt5proctuction, we find4 

where m is the heavy particle mass. The form of the function flm 2/st is 
unknown: the power n is expected to be a 2. with recent opin ion ' 7 

favouring n = 4. The most optimistic extrapolation using present 
accelerator charm production data, n = 2, and working at fixed m/Vs 
would give 
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mc - 1-5 GeV \ » t - 40 GeV 1 

«£ - 20 GeV \ —» i ^ » 540 GeV 

o ~ (1 to 10)ub/ o - (I to 10)nb. 

°S ' 3 T e V \ 

S& - 40 TeV > 

a - (0.1 t o l )pb ' (5) 

While the theoretical prognosis17 for such an extrapolation is not 
encouraging, it can be checked by looking for diffractive t quark 
(m. = 40 GeV) production at trie CERN pp Collider with Vs - 540 
GeV. A possible way to search for diffractive gg pair production would 
be to look for events with two observed jets ir "-Jie forward direction, 
accompanied by missing pr If one then computes the minimum mass 
m' of a system decaying in*o the observed p j e t l i p j e l 2 and^jif for 
arbitrary pL, one finds4 that it is sharply peaked at the mass of the 
produced g, despite the combinatorial background from mixing the 
decay products of different gluinos. Moreover, it see.ns that there is 
no substantial background of missing pr from unobserved forward^ 
going particles. Searching for evidence of diffractively produced qq 
pairs would be even easier, one would look for a Jacobian peak at 
lET I = "V^ ^Tom ^~* ^ decay. Unfortunately, the cross-section for 
diffractive productionof TeV gforcfpairs will be negligible ifn = 4 in 
Eq. (4), as recently argued 1 7 

Alternative SL'SY Phenomenologies 

The possibility discussed above is the mainstream SL'SY 
phenomenology. During the Workshop there was considerable 
discussion of alternatives and their implications for the supercollider, 
addressing in particular the question whether the distinctive missing 
energy-momentum signature would be lost. The lightest sparticle 
may not be the pholino Y*. but is probably eleclromagnetically neutral 
and not strongly interacting.15 Stable charged and/or strongly 
interacting heavy particles tend to condense into galaxies, stars, 
planets, etc. along with ordinary matter, and unsuccessful searches 
For superheavy isotopes of ordinary nuclei seem to exclude9-"* 

5 GeV < m < 35 GeV. 

and possibly 3 GeV < m < 1000 GeV . (&) 

This leaves a window for light stable gluinos, if the stable color-
neutral hadrons that they form are neutral le.g."ggor g(uu * ddl/V2) 
rather than charged le.g. fud). Candidates for_the lightest (neutral) 
sparticle therefore include the gravitino, % *tf, H° and f Even if the 
gravitino is lighter than the others, in most "fashionable" 
supergravity models the lifetime T(x -+ x' + gravitino) is much 
greater than 1 second, so that the next-to-lightest sparticle appears to 
be effectively stable as far as laboratory experiments are concerned 

Cosmology imposes no lower limit on the sneutrino mass:1* the 
large annihilation cross-section O\J0 a n n a 1'mw2 always suppresses 
the primordial V abundance to acceptably low levels. In many models 
m$< m^since 

2 
m 

m£ = Q ( i 4 / 2 ) " y cos 2a; tan a. < 1 (7) 

and in some models with a heavy t quark a is vary small so that 
cos 2a -» l. If rav < my'tthe cue of interest to us here) then one 
expects ¥~* vv decays (with T f = OflO-K) sec/mflGeVi) to give the 
same missing energy-momentum signature •« in conventional SL'SY 
Ifmy*< m5"< m£ht?then 

l K< r^-vy) ,, £ (JL.) ( i ) 8 < 8 a ) 

r{\> * eudg e t c . ) 2 Vo ) V a ^ / 

for mj* = mj*"= m ^ much greater than m\T- ' n this case, invisible 
neutral decays of the v dominate, and it has a relatively short 
lifetime: 

* »^(GeV) * | F | Z ^ 
(8b) 

Ifm\f > mfTnryetc, then "visiblendecays \T-*eudg; etc. may compete 
with, or dominate the "invisible" decay v -» vy* 

t v r If H0 (more accurately, a mass eigenstate mixture of W ^ B 0 and 
H°) is the lightest sparticle, then one expects Y decays of q, g etc. to 
dominate: 

r « * q?) » r « - qH°), rcg - qq« » r(g * qqH ) . 
(9) 

These would then be followed by y decays into the H°: 

(10a) 

Therefore one expects dominance of y -» yHO decays, so that the 
missing energy-momentum is reduced by 50*%. and is accompanied by 
"prompt" photons fTy" < OdO-njsec) This should be quite a 
distinctive signature. 

It <s possible to have a light gluino lm£- < my"l in some 
supergravity models where m-fand mg*arise from loop diagrams and 
m t < 0(35) GeV .9 Then the photino is unstable 

5 
m - gqq) - a s a 0(10 J ) -f- • (10b) 

m q 

and one expects 

T £ T ( O = 2 GeV, m. - 250 GeV) — \0~U sec . 
(U) 

As mentioned above. Eq. 'fil, stable particle searches require 
m g < 5 (3) GeV, while the absence of'a light <ge) hadron suggests 
m g > 0( 1) GeV. Between these two limits there is an allowable range 
where there are stable g hadrons which behave much like neutron* or 
Kj,0, with no missing energy-momentum signature Thus g hadron? 
share with them the ability to deposit energy in a hadronic 
calorimeter, while leaving no charged track in front Therefore it is 
probably difficult to pick out a light, stable If in high energy hadron-
hadror collisions. The best place might be in Xb ~* ifg^ decay." 
where g final states have a branching ratio Ol30i<ifc if my < 4 GeV 
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Another possible scenario is that in which the lightest sparticle 
is not absolutely stable, becau^ 3 Mritv it not multiolicativelv 
conserved. R parity may either be broken explicitly1* by Lagrangiftn 
terms which couple particles to sparttcles (eg. super-potential terms 
6; L; H or scalar mass squared terms P^J-i H) and/or spontaneously10 

by < 0 | ^ | 0 > * 0 (e.g. v T « < 0 | v T | 0 > * 0). There are 
phenomenological upper limits on explicit R breaking terms: neutrino 
mass limits imply" 

V < 100 GeV, u < 10 GeV, U_ < 1 GeV, 

and 6 < 10 GeV 
(12) 

while the upper limit on u -* ey decay grazes the limits, Eq. (12). In 
models with explicit R breaking, the Y is unstable, with 

m •+ bbv) ( « m ^ ) > r<? -*- yv) («m^> (13) 

for mV > 0(10) GeV. In this case one has less missing ET and a 
possible excess of heavy quarks, whereas a lighter y gives missing 
energy- momentum associated with a prompt Y. 

We have already seen, Eq. (71, how m ^ m a y be less than maf, 
and if m?Tf < 0. spontaneous R breaking through <ujv,|0> x 0 
ensues. A generic possibility, which appears the most likely. 1 0 is 
<0|\Qo> = <0l\fy|0> = 0. v T = <0|#r|0> = Ofv, v'Jwhere 
v, v' m <0|H*>, H0'jQ>. lvIn this case there is a chargeJ fermion mass 
matrix mixing the vi~ ,H~ and zt: 

(14) 

In principle, the decays^-* qT orq\»x $~* *NT o r B** q q V f ' a r e n o w 

possible because R-parity is broken, but in practice these novel decay 
mode* are suppressed by Qdn-r or mq/mw)2 relative toTf-* qY* 
(%-* <NY>. as can be deduced from the last line of Eq. <15). One 
observable novelty is however the decay of the photino: ^there is no 
W ' - Y ' - T 1 or Z 0 _ Y - V T coupling, but the Z ° - Y - H ° coupling 
mentioned above, Eq. (16). gives 

r(-r * H° X : X - e + e ~ , u + u~, T + T " , qq, vv) 

5 

° ( G w ) x (V-z)2 

If mY"< 0(10) GeV, the corresponding lifetime could be a OHO n, 
seconds, providing the useful signature of a separated decay vertex if 
X contains eharge4partic<es I f m ^ s OUOI GeV, the decay 
Y -• Y + ^x or HO may dominate over Eq. r 17) providing a y * 
missing energy signature. If X is neutral I i.e. X = WJ, then one has 
the missing energy signature of SUSY, albeit suppressed by the"vv 
branching ratio relative to its magnitude due to q -* qY decays in 
conventional SUSY. We conclude that one could have large R and L? 
breaking with v-r/v = Oil], £hat this would in general provide less 
missing Ex. bxft that there are possible signatures of a finite decay 
Iengthfor the photino, and/or Y-* Y + missing energy decays. 

What if... 

Some spariicles are relatively light (e.g. ray = 1 to 5 GeV.-
m ^ = 0(401 GeVJ.3 How would sparticle phenomenolog>- at the SSC 
look in this case? Detailed calculations are available 1 1 of the 
evolution of supersymmetric parton densities in the nucleon For 
example, one finds the following asymptotic momentum fractions at 
Qp much greater than mg2f rn^: 

whare "Sin is the SUSY breaking SU(2) gaugino mftss. i is a HH" 
mixing term, and h? is the T Yukawa coupling. In this case the 
physical charged mass eigenstates 

« + 3 w o ( ! i ! x ) T + 3 Ol ft)" 
B + " ^ T + . & ) 1 -

•e^)--"--"ft) r 

and there is analogous mixing for the "y", HO and u T There are two 
light neutral mass eigenstates, "Vf" and a H& state, in the limit 
e -* 0. The e + e~ -* T + x~ forward-backward asymmetry is not 
substantially modified in such a model, since the only substantial 
mixing of the T " is with the H " which has the same [3 and Y. and 
hence the same Z° coupling as the unmixed T-. The T lifetime is 
unaffected since the weak isospin partner of the T~ masseigenstau is 
essentially a combination of the "VT" and H° states, both of which ore 
possible decay products of the T if £ is small. Since the nt-utrul mass 
matrix has substantial entries mining states with different I 3 and Y, 
there can in principle be substantial flavour non-diagonal couplings of 
the ZO. In practice, the only substantial one is theZ 0 -Y-™" vertex, 
which can lead to a decay rate 

y> 
r(z 

• W ) 

PureQCD QCD + "g QCD + If + q" 

q+q 
3N 3N 

q / .A71 
3N 

q+q 
3N + 1 6 1 0 ' " ' 

q 
3N + 20 ' 

1 
5N + 20 l J ' 

q 

9 lir-r^o'-3" 
q 

9 3N + 20" 
q 

lir-r^o'-3" 
q 

T 4 ( - 1 1 ) 4 f - n 1 " T 3N + 20 l ' 
q 

5N + 20 ( 

q 

q+q 
2N 

q+q 5N + 2 0 l ' 2 M 

q 

corresponding to 

ft momentum 
g momentum 

3 momentum 2̂  
q momentum 3 
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1 Thus there would be quite a large numberof spajtpns in the proton ut 
large Q2. Ths cross-sections for all the XX' -* X*X" parton-sparton 
scattering subprocesses have been calculated2" in the limit s much 
greater than im/-, which is the domain in which the renormalization 
group calculations of the sparton densities are useful. These cross-
sections are then comparable with conventional large PT cross-
sections, and hence should be readily observable. The missing px 
signature would be different from that due to heavy sparticle decay, 
since the missing pr vector would no longer be isolated in azimuthal 
angle, but would instead be oriented almost parallel to one of the 
outgoing jet axes, with a momentum transverse to the jet axis 

V.o$.$ 

»ln(B - »)• co«(B - a , 1 (25.) 

Bin(6 - 0 ) . COB(6 - 8) (25b) 

(19) g . n „ « cos(6 - 8 ) . s ln(6 - S) 
U V ( H J . H J , « ) 

(25c) 

Thus, one could hope to distinguish light sparticles from hi<ivy 
sparticies. 

SUSY Higgses 

g - „ - s ine / s inS . cosB/sinS, cotBYc (25d) 
UG(H°,H£,.) 5 

Supersymmetric models need at least two Higgs doublets.l2-'3 
and hence physical charged H± scalars, H[° and H2°, and a 
pseudoscalar boson a. The quartic potential terms are fixed by SL'SY, 
so the only free parameters are quadratic: 

8 n n « cose/s inB, - s ln8 /cos8 , taaBy. (25e) 
dd(Bj,H^,a) b 

V(H) . n 2 | H | 2 + m ' 2 | H ' | Z + m2(HH' + herm. c o n j . ) . (20) 

One combination of these three parameters is fixed by our knowledge 
of Op (implying v 2 -t- v'2 is known], while tne other two parameters 
can be fixed by knowing two Higgs boson masses. For example 8: tan 
8 = v'/v is determined from 

(A - °H°) ("2 - °H°) 
(21) 

g _ . = (m.tanS + m cotB) +(m,tan6 - m cotB)Yr . 

C25f) 

These couplings offer possibilities for enhancements in Higgs 
production rates above those expected for conventional single Higgs 
bosons. There could be additional enhancements in gg -»H° cmss-
sections from including virtual Sloops Thus SUSY could have un 
important impact on Higgs phenomenology at the SSC 

and there are restrictive mass formulae: 

2 2 ^ 2 2 
m + = m + m > m 

H " a W " W " 

2 i l l I 2 
" o n = V"a + m Z * V £ m Z 

l ' H 2 

(22) 

a j /2 

and one neutral Higgs is guaranteed to be light in many models !3 
The couplings of all the Higgs bosons to W ~, Z° and fermions are fixed 
once one knows two Higgs masses and hence v'/v. Introducing 9 

Conventional SL'SY should be easy to see because of its large 
missing p-r s ignature 

The usual missing p-j signature survives in many iless likely''J 
alternative SUSY scenarios, but one may have signatures of 
less missingpx accompanied by f,€*€~ orqq 

If either the q or the g is light: m =» 40 GeV which is certainly 
not excluded by CER.V collider data, then one expects copious 
sparticle production at a high energy supercollider 

SUSY needs at least two Higgs doublets and tightly constraint 
their possible masses and couplings, with interesting 
consequences for Higgs production at a supercollider 

Relative to the conventional single HO - W ± W*. H°Z°Z° and H°ff 
couplings one has 1 4 
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Abstract 
Several classes of interesting and unusual events 

from the SppS and from PETRA are studied with two pur
poses in mind. Firstly, varieties of background within 
the standard SUO) xSU(2)*U(l) model axe described, to
gether with estimates of the number of expected events. 
Secondly, a review of the recent explanations of the 
events involving new physics is given. Critical assess
ments of these proposals focus on the assumptions made, 
expected rates for the unusual events, and the ability 
to account for events of several categories. 

I. Introduction 
The CERN SPS pp collider data taken up to 1983 have 

yielded more than 30 unexpected events in addition to 
those (W,Z,t candidates) anticipated. In e +e" inter
actions at the highest PETRA energies, unusual signa
tures also may be appearing. In this report we summar
ize consideration of these events by a working group of 
the LBL SSC Workshop on Electroweak Symmetry Breaking. 
For long-term planning, this exercise illustrates the 
surprises that arise when a set of detectors planned for 
one kind of physics encounters yet another. In the near 
term, we hope to aid critical-assessment of the new 
physics interpretations of these events as further data 
are accumulated. TJ that end, we are preparing an ex
panded version of the present article [1], 

Six classes of unusual events from the CERN SPS 
collider and two from PETRA were considered. We discuss 
the events themselves, and standard physics backgrounds 
to them, in Section II. Section III deals with pro
posals for explaining a class of radiative Z decays, 
while Section IV treats suggestions primarily motivated 
by events with large missing transverse momentum. Sec
tion V considers origins of dimuon events (in pp colli
sions) and both 2u and certain lu events in e +e~ annihi
lations. Conclusions are dr^wn in Section VI. 

II. Events and Background 
He summarize the events to be discussed [2-8] in 

Table I. These have been reviewed in Rei. [10.11J. We 
have not included all reported interesting new signa
tures, such as the 3o bump in the multijet invariant 
mass distribution around 150 GeV seen by UA2 [121. 
A. Apparent Z-*-t+t~Y decays 

Each of the UA1 samples of 4 Z-*e+e~ and 5 Z*u +u~ 
decays contains an event with a hard photon, such that 
M(8 +i~Y)*H2. The UA2 sample of 8 Z-*e+e- decays also con
tains one such event (see Table 1). 

An important conventional source of these events la 
QED Internal Bremsstrablung. No other explanation is 
capable of reproducing the strong observed clustering in 
the Dalitz plot [Fig. 1], This clustering expresses the 
small angle between the photon and one of Che leptons; 
one lepton-photon invariant mass nig,If in Table II is low. 
The iepton energies in the Z^ rest frame are: 

M Z ' Ei - -f (1 - - (2.1) 

E x t e r n a l B r e m s s t r a h l u n g ( i n w h i c h t h e l e p t o n e n c o u n t e r s 
m a t e r i a l a f t e r b e i n g p r o d u c e d and t h e n r a d i a t e s ) i s u n 
l i k e l y s i n c e t h e n m^y would be e x t r e m e l y l ow . 

The d i f f i c u l t y w i t h an i n t e r n a l B r e m s s t r a h l u n g e x 
p l a n a t i o n of t h e lly e v e n t s i s t h e h i g h o b s e r v e d e v e n t 
r a t e . The UA2 c o l l a b o r a t i o n h a s c a l c u l a t e d t h e p r o b a b i 
l i t y of o b s e r v i n g an e+e~y e v e n t w h i c h i s l e s s l i k e l y 
t h a n t h e e v e n t o b s e r v e d ( and w h i c h l e a d s t o a s i g n a t u r e 
o f t h r e e s e p a r a t e e l e c t r o m a g n e t i c e n e r g y d e p o s i t i o n s ) : 
P ( e + e ~ Y ) « l . 0 % p e r e + e - e v e n t . T h i s would c o r r e s p o n d t o 
a p r o b a b i l i t y of 8% f o r one s u c h e+e~y e v e n t i n t h e e i g h t 
e + e ~ e v e n t s o b s e r v e d . A p a r a l l e l c a l c u l a t i o n b a s e d on a 
s i m u l a t i o n p r o g r a m g i v e s 13% f o r t h i s l a s t f i g u r e , or 25% 
i f one a d d s t o g e t h e r a l l c o n f i g u r a t i o n s i n c l u d i n g o n e s 
i n w h i c h o n e e l e c t r o n and t h e p h o t o n a r e n o t r e s o l v e d . 

TABLE 1 
SALIENT FEATURES OF 8 CATEGORIES OF UNUSUAL EVENTS 

EVEST t GROUP kEF FEATURES COMMENTS 

11. 6 
0 
1 

DAI 
2,3 J e t s of low charged m u l t i p l i c i t y 

and low Invar ian t mass .(gainst, 
l a rge missing p T 

If p cut i s jfi 17 
relaxed no i>a j j jL, 5 
l i m i t : >2J? 3 

eJ(s)]S T 
4 UA2 4 A hard e i so los t ed from J ( s ) In add i t ion UA1 reduced U sample of 63 events 

conta ins 2 with q,T<W)>22GeV 

e+e_Y 
u u T 

2 
1 

UA1 UA2 
UA1 5.6 

EH shower i so l a t ed from leptoa 
p a i r n ( £ * " Y ) -Mg 

UA1 aecs no r a d i a t i v e w decays. UA2 has one 
W-«*VY v i t h B,y near ly e o l l i n e a r . 

yp. 2 UA1 2,3 E Y - 5 3 . 5 4 GeV One event mav he U-+ey with missed charned t r ack . 
7 
3 

UAA 3 6 GeV <n(uu)< 22 GeV 
Host events have J . Large 
abundance of K,A. 

i ^ 5 UA1 3,7 Hadconic a c t i v i t y associated with Z. 
•4 events cons i s t en t vich 
a(ZJ(s))M.6Q G«v 

More J , l a rger L , l a rge c . than seen in 
tf product ion, and expeeted c rrom QCD. 

•- + »-Jj 1 CELLO 8 J~imU.5 GeV; L i t t l e missing 
energy; All p a i r invar ian t uasses l a r g e . 

Hark. J has s imi la r events under a n a l y s i s . 

UjW 6 HARK J ' - T - 4 6 . 5 GeV; ZyU -30 GeVj 
High s p h e r i c i t y . 

Hadron d i s t r i b u t i o n too coplanar t o r 
t t i n t e r p r e t a t i o n (2-3o l e v e l ) . 

j ( s ) : hadron j< 
ji T : a substai 
Y : l a rge EH 

s t (s ) (occasional ly inc ludes charged l ep ton ) . 
i t i a l imbalance in the pbserved momentum transversa 
shower with no charged t rack point ing to i t . 

to beam. 
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The absence of Isolated hard photons in tf decay 
15] inplies P(evY/ev)Sl/50 (for isolated Y ) « The UA2 
collaboration observes one event consistent with v+evr 
in which separate showers for e and y cannot be resol
ved. The probability for this event to be external 
Bremsstrahlung ties been calculated to be 4.5X [6]. 
B. Events with 1et(s) or isolated photon and 

missing px 
the TJA1 collaboration [2] has drawn attention to 

six events with a jet (A-F in Fig. 2 ) , two with a pho
ton (G,H), and one with 3 or sure jets (A), opposite 
large missing p^. The finite coverage of the UA2 de
tector prevents a similar statement from UA2, but one 
candidate for a photon opposite missing p T has been 
reported [12J. The UA1 events A-B are summarized in 
Table III. 

The background from QCD jets (with one jet missed) 
falls quickly with missing energy and is very small for 
A E ^ M GeV. One monojet event (F) is consistent 
for expectations for W+VT with T*Vj, and will be ignor
ed henceforth. The remaining 5 monojet events A-E have 

TABLE XI 
RADIATIVE Z° DECAYS 

+ -
« e -J u U"Y 

UAl "A2 UAl 

•dV>) 98.715 90.611.9 "••3!:i 
• <iV) 42.712.4 50.411.7 '0-^:2 
" ( , " ' l o u 4.611.0 9.110.3 5.0 ± 0.4 

•<«'>hi.h eB.5±2.5 74.711.8 52 5 + " - 5 

' • - 9 . 3 

"<r 14.4i4.0u 25 ± 1" 7.9" 
E 

T 
38.811.5 24.411.0 28.3 * 3 

Fig. 1. Dalltz plot for liy events. E2 is the 
energy of the lepton with smaller angular sepa
ration from the photon. M Is the mean Invariant 
mass of the events. 

tuis in 
ttwfttm »t n « u wttk Jar, » 
laeUta* »lwt— mi a lula* • - . 
"Cfcatfad tracka" rfaaota tbsaa 
with ^ 0.9>CaV/c. 

•»•« L * T *V. VJ •»••%> cams 

* 23(71*) 2414.B 130U& •> <T>1M i f hard • 
(M1 B B ) lacIodM) I D j « . 

4C11 

4117 
54*7 

• 7 i l 7 

•3*13 

•711* 
7311* 

CM* v i a l b l a chargad crack. 
Fwr charaad tracks . 

J. 1*10.38 Wl/t*. 
Oaraeeaatructad track*. 
Toaalbla »* iu 

*0t* M±S 

been claimed Inconsistent with this interpretation, 
though it is possible that the T background was under
estimated in Ref. [2]. If the t-»-04ir)vT modes are suf
ficiently important, a background to events B-E of near
ly 2 events of W+TV was estimated in Ref. [13). Without 
a contribution from T-*(>4TT)VT, however, the estimate 
drops to 0.6 event. The background to the events G, H 
is estimated to be negligible. 

The single-shower event G has an azimuth angle ^ 0 
corresponding to an Insensitive area of the central 
detector: the event nay be W-*ev. The shower la event H, 
by contrast, cc^yrs in a region where a charged track 
would be hard to miss. 

The monojet events and those involving W + jet(s) 
(to be discussed below) have an 0(a 8) background consis
ting of hard gluon Bremsstrahlung with Z(-nn3 for mono-
Jets) or W(-H5e for ejp*^). The transverse momentum dis
tribution of W's in Drell-Yan production has been evalu
ated [131; it is quite hard. A similar naive estimate 
gives a QCD monojet background of ^1 expected event for 
q T>25 GeV (6 observed) and -\-l/10 expected event for 
qi>50 GeV (2 observed). These estimates are borne out 
by more complete calculations [14]. For the monoshower 
event, the background would be a hard photon Bremsstrahl
ung together with Z-+v\>. ThiB is down by a further a/a s > 

giving 0.01 expected event with q T>50 GeV. 
He conclude chat events A-E and H of Table 111 can

not be easily dismissed. With the exception of the open 

, '6 UAl 
150 

A 

100 - J?' f *c 

/o .« . . 0 
• B «A - J?' f *c 

/o .« . . 0 
H • Singlt Jatt 

50 - f 
P X "Photon" 

1 

! 1 1 

0 
& 
1 

2 j t u 
3 or mor* j t t t 

1 

2000 4000 
I 4 E J 2 (GeV2) 

Fig. 2. Events with jet(s) or isolated photon and 
missing p f The dashed line corresponds to p^>4o, 
o=0.7/TEiT. Here JE T| 1B the scalar sum of the 
transve"e energy -tn tHe Hetectnr. From Ref. T5]. 
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W' i 
® 

Fig. 3, UA2 events with e + jet(e) + missing 
P r, viewed transversely [4]. 

question of some W-+TV contamination In events B-E, the 
backgrounds to these events are all at lp-dst dn order of 
magnitude below the observed rate. 
C. Apparent W + hard r1et(s) events 

The UA2 group observes four events with e+;jet(s)+ 
(missing transverse momentum), shown in Fig. 3 [4]. One 
of them [D] could be a heavy quark pair, followed by 
semileptonic decay of one of the quarks. This Is not so 
for events A-C, for which the missing p T lies opposite 
t'-e electron direction. In fact these events are con
sistent vith W+jet(s) followed by W-*ve. 

On the basis of calculated W transverse momentum 
spectra [13], UA2 would expect ^1 event with q T>25 GeV 
(tr-ay have 3: A-C) and ^0.1 event with qi>50 GeV (event 
B). This suggests that event A could be QCD background, 
as noted in Ref. [4]. The UA1 collaboration would ex
pect 1.5 of their sample of 43 "clean" W-*ev events to 
have q T>25 GeV. In fact, they have two events with 
22<qT<24 GeV [15], but none higher. 
D. "Noisy" Z events 

The UAl collaboration has observed that Z produc
tion is accompanied by substantial jet activity. Of 
their sample of 4 Z-+e+e~ and 5 Z-+u+u~ decays, the frac
tions with (0,1,2,3) jets are (33%,112,22%,33%). By 
contrast, their 68 W+e-j candidates are accompanied by 
(0,1,2,3) jets (69%,243,4.4%,2.9X) of the time [3,7]. 
The jets occurring with W production are found to agree 
with QCD expectations, so it is the high activity Z 
events which appear anomalous. (A signal of equal mag
nitude in W production could not be ruled out with pre
sent statistics, however.) 

The calculations made for high-q production of 
Z referred to earlier are relevant here as well. Since 
one expects B(Z-*H"hr)/B(Z-+all \>\i)£l/6, the backgrounds 
are expected to be 1/6 of those to monojets. 
E. Low-mass dimuons, sometimes with jets 

The ability to identify muons has permitted the 
UAl group to study a sample of 10 uu+Jet(s) events, 7 
with u +u~ and 3 with u*u-, having m u v between 6 and 22 
GeV/c^. [Other uu events are consistent with Z produc
tion.] These low-mass uu events are characterized by 
high occurrences of strange particles, and vary greatly 
in their jet activity and invariant masses. Many could 
be due to processes t>f trie standard model only partially 
understood, such as gluon fragmentation to cc, bb, ... 
[16], Heavy (b) quark pair production followed by semi
leptonic decays of both quarks may also play a role [17J. 
In this connection two of the three same-sign uu events 
nay be due to B a^-B s° mixing [17]. However [10], 
neither bt nor cc production Tnecnanisms fit the kine
matics of several of the events. 

One \Tv~ event could be due to W~-*tb, t-*u"+..., 

M* M - M If i » • «l i. 14 M 
M" to 

Fig. 4. The dlnuon CELLO event [6] at /, - A3.45 
GeV. Pair invariant masses and energies are shown 
in GeV. 

^ 39-
> 4.5S \ X (0"S 

<9K 3.6 
\ X (0"S 

<9K 
7.2 9.2 6^>v 

5 15 23 35 

Fig. 5. The 0(a 4) contributions to u +iTjj 
together with the expected number of events 
plotted in bins of pair invariant masses (from 
[8]). Observed event is marked by a star. 

b-HJ~+... • (Some jets in this event must then not have 
come from the W ) , Similarly, it is not excluded that 
one or more v+V~ events come from W-*tb or hadronic tt 
production [18]. The recent announcement of events 
compatible with W+tb, t-*bHv [19] should allow more pre
cise calculation of rates in dilepton channels. The 
UAl detector will resume running in September, 1984 with 
enhanced muon detection capability, and the t signal 
will certainly be searched for in the dilepton channel 
[?0]. 
F. CELLO uu + 2 Jet event 

Fig. 4 shows a sketch of an interesting event seen 
in e +e~ interactions at Js = 43.45 GeV [8]. The event 
cannot be interpreted as the seinileptonic decay of t 
and t quarks because there is insufficient rise in R 
and no tt onium resonance. The data cannot rule out a 
fourth Q--1/3 quark, but its senileptonic decay would 
be expected to yield much larger missing energy and 
momentum than seen. 

This event does have a possible QED explanation. 
A dominant graph and its expected contribution are shown 
in Fig. 5. The CELLO collaboration claim a background 
of *\.10~3 expected events [8] from such standard radia
tive processes. This could be increased by as much as 
an order of magnitude if the background is obtained by 
integrating over all phase space in which the squared 
matrix element is smaller than its value near the ob
served event. In addition, it is tempting tc ask what 
the probability is that the many PEP and PETRA detec
tors might have observed such an event so near the 
kinematic boundary. Since the process in Fig. 5 has a 
low threshold, and since these detectors have accumulat
ed a great deal of integrated luminosity, the event 
then might appear not nearly as peculiar. Mark J has 
also seen events with v pairs and jets, but the back
ground analysis has not yet been completed [21]. 
G. Mark-J y + (planar topology) events 

The Mark-J group studied events of the form e +e~+ 
P+ (hadxons). When a cut on events with thrust<0.8 
was applied, one expected a background of 1.1 events at 
the highest energy (/s246.5 GeV) by extrapolating from 
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lower-energy data. Instead, 7 events were seen [22], 
The hadronic activity in these events Is predominantly 
confined to a plane which, however, does not contain 
the muon. 

The study of these events Is continuing, plagued 
by the difficulties of running PETRA at such high ener
gies, 

171. NEW PHYSICS IN JUy EVENTS? 
A. Excited leptons 

The decay Z+tt*t Jt*-Hy I S expected In some schemes 
of composite quarks and leptons. Several authors [23, 
24] have ascribed the observed ttf events to this pro
cess. The excited lepton Is produced and decays via a 
transition magnetic moment.operator of the form 

^ £*oMVJlF (3.1) 
A uv 

A small scale A<100 GeV is needed to obtain sufficient 
rate. This is uncomfortably low in view of limits 
on other operators [25,26]. To be consistent with 
g-2 {27-29], further chlral constraints on 
couplings are necessary- The process U+vl*, 
R.'k+S.Y can be suppressed (forbidden) by making m A 

near (above) My; 
The excited lepton scenario has severe difficulties 

with the Dalitz plot. Both the high and low (£y) invar
iant masses differ by V3o for the e+e~Y events. SL* is 
assumed to correspond to the high value as the low-mass 
SL* would have been seen at PEP or PETRA. It is then 
very improbable that the Y should be correlated with 
the prompt lepton to give such low Invariant mass 
values. The operator (3.1) lead's to an essentially flat 
distribution in this mass [24]. 
B. Scalar boson in Z decay 

An alternative explanation of S,+JL~Y events via Z 
decays involves the chain [30-34] 

Z " * ? 7
 A , (3.2) 

i—• i r r 
where X is a scalar or pseudoscalar boson. The observed 
i^i" invariant masses are barely compatible with one an
other and with limits (M)j>47 GeV) from Bhabha scattering 
[34,35]. A band at fixed fc+JT mass is expected in the 
Dalitz plot. A persistent feature of such schemes is 
the prediction of a- large X-+YY width, leading to the 
decay Z-*3Y-
C. Scalar state •*• ily 

It is possible that scalars expected in composite 
or technicolor schemes are heavier than the_ Z. In this 
case they could still yield the observed ily events 
provided their mass is less than ^100 GeV [36]. In 
this scheme the scalar (or pseudoscalar) boson R is 
taken to have large couplings to fermions only if these 
couplings are chirally invariant. A class of dimension 
7,9,... operators then arises which leads to matrix 
elements for R-»-£+e~Y which vanish in the soft photon 
limit and peak along the edges of the Dalitz plot. The 
peaking is not sharp enough to predict the observed dis
tribution, but it is a step in the right direction. 
Operators in which I is replaced by v also occur, lead-
'• 3 to mono-shower events. 

The scale factor needed to obtain suitable produc
tion rates is, as usual, uncomfortably [26] low: A^lOO 
GeV. 

In both X and R boson mechanisms, qqY events are 
expected with M(qqY)"Mz. Present data cannot exclude 
such events [3J. 
D. 2 mixing with exotic quarkonium 

The Z would appear to have anomalous decay modes 
if it was degenerate and mixed with some other state. 
One such r.tdel [37] envisages the Z mixing with an ex
cited 1 — onlum state of a quark with exotic color. 
This Is assumed to decay to the lowest 1 state of 

itiass *v50 GeV via emission of a hard photon to a D** ,. 
state, followed .by a soft (unobserved) photon. The low
est ! state will occasionally decay to fc+£~ giving the 
observed signature. A sufficient rate requires essen
tially complete mixing of the states, with a 2Z branch
ing ratio for the t+l'y decay chain. 

This scheme has much In common with the X boson 
Idea mentioned atove. Moreover, it requires the binding 
of quarks with higher color representations to produce 
an extraordinary spectrum of states, with the lowest P 
state nearly degenerate with IS and the Z nearly degen
erate with 25. 
E. Composite W.Z 

If the H and Z are composite 127,33,38-40], opera
tors of the form (G/A2) F v v Z u D Zv could occur. The 
branching ratio for radiative decays is then [38] 

(3.3) 
This is sufficient only if G » l for A<M 2. One would 
then expect to see Z^qqY [41] or Z-+qq"g (I.e., jjj) [39]. 
If A is so low [41], however, one would expect a momen
tum dependence of vector boson masses, deviation of p 
from unity, and W radiative decays at a large rate. 

Perhaps the worst feature of this scheme is that it 
prefers large invariant masses for both ( Y O pairs, ra
ther than one large and one small. This has been empha
sized in Ref. 42 by comparing the Dalitz plot distribu
tions of the data with that of Bremsstrahlung, the X 
boson, excited leptons, and a composite Z. Bremsstrahl
ung does the best, and a composite Z the worst. 

A model with an effective ZYY vertex [43j also has 
been proposed. It has the same difficulties with the 
Dalitz plot distribution. 
F. WW bound states 

It has been proposed [41] that for very heavy Higgs 
mass the resulting forces between longitudinal W bosons 
are strong enough to bind them into a state of mass ^90 
GeV, This state would then decay to a virtual Z(-*-e+e~) 
+Y, In the manner of the R boson discussed earlier. 
The resulting eight-fermion operators coming from strong 
W-W interactions are conjectured to be responsible for 
same-sign multimuon events in neutrino scattering. One 
would also expect the 90 GeV state to decay to virtual 
Z(-+VU)+Y, giving the mono shower event(s), and to be pro
duced in e e~ interactions via virtual Z exchange in 
association with a photon [44]. 

We believe the production rate for such a bound 
state is far too small to be relevant for the unusual 
events. For comparison, a 100 GeV Higgs boson is pro
duced via W. fusion with a quark subprocess cross section 
of less than 10"^ nb [45]. Quark lurjinosity factors 
reduce the pp cross section still more. 

IV. NEW PHYSICS IN EVENTS WITH MISSING p T? 
A, Remarks on the 160 GeV mass region 

Many of the unusual events we discuss seem to point 
to a common origin in the mass range-of 160 GeV. (See 
in particular Ref. 7.) 'These include monojets (if 
interpreted as j+Z,.Z-n>v); monoshowers (if Y+Z, Z-*vv), 
"noisy" 2 events, and W + jet(s) events, This mass 
range will be more efficiently studied by raising the 
SPS energy (SB = 630 GeV in the forthcoming run), and in 
particular at the Tevatron (vs > 1,6 TeV). Meanwhile a 
cautionary note is that the selection of events contain
ing W or Z (or their analysis as such), combined with 
cuts on a steeply falling pj(jet) spectrum, can con
spire to produce a peak. 
B. Higgs bosons 

It has been proposed that many unusual SPS events 
(ej(s)p*T, J-|i Yp"T) come from decay of a 160 GeV Higgs 
particle [46]. The cross section must be enhanced by 
idO** vith respect to naive estimates in order to obtain 
a sufficient event rate ('vlO3 produced at CE1JJ). This 
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. enhancement makes the HiggB,boaon so broad (I>200 GeV) 
that a peak is unlikely, and production violates unita-
rlty [47,48]. 
C. Hew gauge interaction 

AH an example, ve consider the case of "odor" [49], 
a proposed Interaction with A Q M Q C T J and with the light
est odor quark having a mass of *W5 GeV. A spectrum of 
00 ("odoronlum") bound states between 150 and 300 GeV 
is then expected. 00 production leads almost exclusive
ly to odoronium. It is necessary in this schene for the 
00 cross section to be ̂ 1 nb. (A perturbatlve estimate 
falls short by about a factor of 100, for color triplet 
O quarks.) The observed events are then ascribed to 
specific products of 00 annihilation, e.g. 

00(1 ) - Z H 
I—MJV 

00(0") Z Y 

u 

Ĵ T 

Y^T 

(4.1) 

(«.2) 
•\>T> 

However, many other decay modes are expected, and it la 
not clear they all occur with consistent branching 
ratios. [See Table IV] Notable is the prediction [50] 
that approximately lOe'^e" and u + u ~ events would be ex
pected from the 1" decay. The jet-jet bump seen by UA2 
[12] around 150 GeV should also appear in the 3j spec
trum. It is not clear whether odor gluon (G) emission 
is visible; odor gluons should form odor glueballs (GG 
or GGG) which are invisible except via energy and mo
mentum balance, 

D. Color octet mesons 
In the previous two sections we saw that attempts 

to produce a 160 GeV state have generally lad to insuf
ficient rates, especially for a Hlggs boson. It has 
been suggested that these problems can be overcome by 
producing a mesonic state, predominantly.via qq fusion, 
which is a color octet [51]. This idea takes advantage 
of the large qq differential luminosity (6 times larger 
for uii than for gg at Ss » 540 GeV and M-160 G e V ) , and 
allows for decay channels involving a weak boson (such 
as gW, gZ, g-y) at a rate down by only one power of a/a s 

compared to the leading decay channel. Furthermore, 
for a given partial width to qq, the production cross 
section for a color octet meson Mg is 8 times larger 
than for a color singlet. 

In Table V we show the number of events expected 
at the CERN collider if o(Mg)»a(W). Drell-Yan produc
tion rates for the W and Z are shown for comparison. 
From the last three lines one finds 4 monojets, 2-3 
ejj( T events, and a 15% rate for jetty Z production. 
However, there are also an order of magnitude too many 
events in the jj bump, and 100 dramatic yj events. 
These latter should be searched for. 

1 " DECAY TO EXPECTED EVENTS 
45 

POSSIBLE SIGNATURE 
j j j bump a t m-150 GeV egg 

EXPECTED EVENTS 
45 

POSSIBLE SIGNATURE 
j j j bump a t m-150 GeV 

CCC 45 odor g l u e b a l l s : I n v i s i b l e 
1/2 1 
1/2 1 j ( s ) J»T 

ZH, Z+vv 5 J * T 

ZGC, Z+t+l- 1 
Z g B , Z + l + l - 1 
ZGC, Z-*qq 10 J J ? T 

yH, H+bE 5 ( u n l e s s nijj<2n^,) Tj 
YBB 5 V J 
e + e ~ j _ j j + j i ~ > 5 each h iph i n v . mass SL+i~ 
0" DECAY TO EXPECTED EVENTS 

15 
POSSIBLE SIGNATURE 
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15 
POSSIBLE SIGNATURE 
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GG 15 odor g l u e b a l l s ; i n v i s i b l e 
E 2 G 2 1/7 j j tj 
Zyf 7--»£+ ~ 1/20 Z+E-Y wi th m( t + ( - - Y)»150 Gel 
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TABLE VI. Decay Mdet of m excited quark 
[fro. ReC. 56) 

MODE 
<.**<IB 
q**rq 
q**qw 

q»WqZ 
l-*vv 

SICHATUKE 
jj butap at 150 CeV * 
JY buap at 150 GeV 

Jl»T 

L«A'-150 GeV 
I EVENTS 

A-50,A'-15 GeV 
i EVEHTS 

£+Jt~ Includes e"*e~ and v*v contributions. 

E. Neutral leptons 
The previous three explanations have assumed p*x to 

be Z * v v , where u Is a conventional neutrino. It is al
so possible that jl^ could be carried off by a heavy neu
tral lepton Vjt of a few GsV mass, such as a fourth 
sequential neutrino V£ (52,53] or a mirror neutrino VJJ 
[52-54], produced In the decay Z+VflVj,. 

A aequential neutrino v^ typically has neutral-
current decays suppressed via the GlM mechanism. To 
give missing P T , it must decay outside the detector. 
Its mass must be chosen very carefully for this to be 
reasonable. It could give raonoshower events by oc
casionally decaying to y+v^ (i«e,u,T). In that case 
one would also expect V Y ^ T events, with M(YYI(T) <<M'-. In 
many cases the neutrino v^ must decay inside the detec
tor, giving rise to monojets with charged tracks origi
nating some distance away from the interaction point. 

For a mirror neutrino VJJ, the GIM mechanism Is fru
strated, and one expects [54,55] B(vjj+-vv\i)D0.1, B(vjj-*-\H-
hadrans)=0.2, B(vjf*tf£* v)«0.2, B(vH*Jl+liadrons)-'0.5, where 
£ is a charged lepton. The missing p-j signature is then 
expected to come from Vif+vvv. The monojets come from 
such decays as VjfHt+hsdrons. The low charge multiplici
ty in the observed monojets and their low effective mass 
(when all tracks are reconstructed) argues for M ( V H ) < 
(few GeV). The mono-shower events correspond in this 
scheme-to a less likely decay such as-vy*v+(all neutral 
hadrons). 

In future runs the sequential [52] and mirror [54] 
schemes may be differentiatied. The sequential neutrino 
is expected to have a sizeable radiative decay, so that 
Yj, yZ events should be seen. The charged tracks should 
in general originate a detectable distance from the beam 
pipe, reflecting the finite lif3time needed co account 
for events with missing transverse momentum. The scheme 
based on neutrinos with a vvv decay mode can account for 
monojets without finite lifetime effects, but predicts 
jj as well as jp^ events in which j has a high lepton 
content. Both schemes have difficulty in accounting for 
the most spectacular JJ4T event ("A" of UA1) unless ano
ther Z is postulated [54J. 
F, Excited quarks 

A model [56] which could account for anomalous e-
vents at the CERN collider postulates an excited quark 
q* belonging to a color 3, flavor doublet, with charges 
2/3 and -1/3, and M(q*)J*150 GeV. The q-q*-gluon coupling 
is assumed to be of the anomalous moment type with scale 
A, and q-q*-(W or B) couplings are also assumed to exist 
(B is the boson of elactroweak U(l)y) with scale A'. A 
natural choice for these scale factors would be a compos-
lteness scale, which might also be M(q*). q* is produced 
by quark-gluon fusion and decays via q*"*qg,qY,qZ,qW. The 
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expected number of even en for /£dt»137nb~l are shown In 
Table VI ['56 ]. 

Although there are signatures for J|L, jjtje, and 
jj events expected, there are rate problems if A-A'-150 
GeV. It would seen necessary to lower A«A* to 15 GeV 
to obtain a sufficient rate for jp"T and jtfje, but then 
the jj rate would be too high. Moreover, other high 
dimension operators with the same scale (e.g., *Iqq") 
are excluded by present data [26]. The result of taking 
Aj*A1 is also shown in Table VI. The number of J Y events 
is still large (shown for Q(q*)-2/3). • It would be re
duced to 5 events if Q(q*)—1/3. Again (as for color 
octet nesons) the vj signature appears worth looking 
for. 
G. Supersymmetry [57,58] 

A missing transverse energy signature has been re
cognized as a signal for the production of supersymmet-
ric partners of the known particles, both at e +e" col
liders [59] and at pp colliders [60,61]. 

The most favored supersymmetric phenoraenologies 
have an unbroken R parity ensuring the stability of the 
lightest auperpartner, taken to be the photino k- This 
neutral particle, which interacts with strengths similar 
to that of the neutrino, is expected to carry off miss-
iTig transverse energy. However, the observed events 
with large jST do not involve the predicted broad jets 
[60] opposite this momentum which would result from 
W-+&Y, w+qqy. Instead, the jets appear narrow. Any 
supersymmetric scenario must cope with this feature. 
We a::e aware of five variants, involving production of 
gg» Qq"'". qg. wg and even ??, upon which we now comment. 

1,2. Gluino, squark pairs. The CERN collider can pro
duce light glulno pairs copiously [62], and isolated pV 
signatures have been recognized as useful for glulno 
searches 163], GITJITIO (G^ ,653 and squark [66] pair 
production in fact yields monojet events under the UA1 
event selection criteria, as a result of loss of soft 
lets or coalescence of two jets. The pV spectrum re
sulting from qq"+ production (q-*qY, q " ^ ^ ) is harder 
than that from gg production (g+qq-?) [65], and the jets 
are narrower, so qqi" is preferred. However, since most 
models do not give squarks much lighter than the glulno 
[66,67], it is likely that both mechanisms contribute. 

The predicted jp*j and jjiSj rates for various squark 
masses, assuming the UA1 selection criteria, are shown 
in Fig, 6. Squark masses much below 35 GeV are ruled 
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Fig. 6. The total and topological cross-section 
for q"q production followed'by q"-»qT decay giving 
one- or two-jet final states with p^r98*'- a n A 

fulfilling the UA1 trigger conditions. 
a>4 , and 

nut by the observed raonojet rate, and similar Units • 
apply to the glulno -mass. The spectacular nonojet 
event "A" of UA1, and possibly the event "B", are left 
unexplained for a squark or glulno mass of 40 GeV, 
which otherwise fits the observed px distributions. 
3. Singly produced squarks. The mechanism gq-*q* could 
lead to.single squark production. One would require 
a gluino of about 25 GeV (a lighter g aeems ruled out 
°y JJP*T d a t a r*7]). The signature would be q-+q? [68]. 
This Bechsnism could account for the observed number of 
monojets* even if ra-^150 GeV (69). The decay q-+q| can 
provide a jj bump at 150 GeV, as seen by UA2 112], and 
q>wq, *+«?, W-*ev yields ejp*T and a possible explanation 
of the UA2 event "B" of Tig. 3. A related mechanism, 
Si**?0.! h a s also been proposed as a source of monojets 
[70]. However, all these mechanisms require far more 
g in the proton than one might expect for heavy quarks 
(such aa t [71]). 
4. Heavy squark, light ftluino [72]. If the gluino were 
only slightly more massive than the photino it could 
escape the detector before decaying to q<ft, thus frus
trating the 25 GeV lower bound on its mass. In this 
case squarks could be produced singly even if their mass 
were as large as 100 GeV: gq-*g<?. Presumably the monojet 
signature would come from q*->qg, where the energetic 
gluino is missed. 
5. Photino pairs. One model with broken R-parity en
visions production of a pair of 5-8 GeV f's, followed 
by Y-»-TTVT [73]. The monojets occur when one photino 
produces a fast v T and a T + T - pair with px<10 GeV, while 
the other throws the T + T ~ forward. The monoshower event 
is viewed as a fluctuation to zero observed charged 
multiplicity of the fr decay products. 
6. wjj production. The processes qq-*wg and qg-*wq [74] 
can give ej(s)p'T signatures. Rates for these processes 
are generlcally down by at least an order of magnitude 
compared to gg, ?m't and gif production [58]. Optimal 
values for g, q, and w masses could enhance the signal 
(751. 
H. Heavy quark 

We note that one UA2 event of e2jj5T ("C" of Fig. 4) 
is barely compatible with heavy quark pair production, 
pp-*QQ-K.., Q-*Wfq, W-w>v; Q-*W+q, W-*qq [76]. Here q has 
to be light (m_<few GeV), which may not be favored if 
Q is the lightest member of a fourth generation [77]. 

V. MECHANISMS FOR w + jet(s) AND 
IL + (PLANAR EVENTS) 

A. Leptoguarks 
It has been suggested [78] that the CELLO event [8] 

is due to the reaction e+e"*-»lL, where L is a leptoquark 
vhich decays to u + jf t. This possibility can explain 
the apparent back-to-; 'ck nature of each u + jet in the 
event. However, it entails large cross section for 
leptoquark pair production at the CERN collider. The 
observed 2u + jet(n) signal mentioned in 511.E can be 
used either to bound leptoquark pair production, or to 
provide confirmation of the hypothesis, 
B, Neutral heavy leptons 

One possibility suggested for the CELLO event is 
the production of a pair of neutral leptons VJJVM, either 
via a virtual Z° 18,79] or via a new, weakly coupled 
"Zj." in the 50-70 GeV range [79]. In the latter case, 
vy could be a right-handed neutrino "N" of the type 
described in Sefs. [54,55]. The decays 7^v v or 
Z^+NN should then be observable at the CERN collider. 
A Zx (50-70 GeV) should also have an observable e +e~ 
decay mode, and should affect electroweak asymmetries 
at PETRA. Both signatures will be visible in forth
coming improvements of present data. 

A neutral heavy lepton, produced in pairs, also 
could be responsible for the Mark-J events discussed in 
511.G. One neutral lepton would decay to u+(hadrons) 
and the other to (say) U'v or v+(hadrons). 

-34-



L.J.B. and J.L.R. thank the CEKH Theory Dl via ion 
for their hoipitallty vhile thia work was being completed. 

>C. Heav^guarha 
The aark-J events have sone properties in cowaon 

with sendleptonic decnys of heavy quark*. Posalbly re
lated features are that (i) the largest fluctuation In 
R occurs at i£-46 GeV, and cannot exclude the IS bound 
state of a Q--1/3 quark and Its antiquark; (ii) R ia ________ 
sufficiently poorly measured above 45 GeV that one can- ••Supported in part by the Department of Energy under con-

+Supported In pait by the National Science Foundation 
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not exclude the threahold for a Q--1/3 quark. Further 
study of the i£T-44 GeV region is in progress, and will 
probably be able to settle the question of whether a new 
quark is responsible t'or the events in the near future. 

VI. CONCLUSIONS 
A summary of our f indingB la presented in Table VII 

and VIII. A glance at Table VII is quite rewarding. 
Theorists have found the kinematics of the t S.~y events 
essentially impossible to explain except as a statisti
cal fluctuation of breniastrahlung, which thus remains 
the most likely source. 

It is easier to invent explanations for events with 
large f(T, but few ideas apply to several event catego
ries at once, and few explain the event topologies and 
rates in a natural way. 

Many explanations are based on new physics in the 
160 GeV mass range, with characteristic yj and jj peaks 
expected at this mass. All would benefit from improved 
statist-^s, whirh are eagerly awaited. 
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TABLE VII 

\ l l 

23,24 # E -
1—M+l- 30-34 * B / 

R+.+I.-Y 36 •&' J 
37 •?• B J 

COMPOSITE 
W AND Z 

29,33 
38-40 * o / 

WW BOUND 
STATES 

41 # H •> 

Comments: (1) a l l 8cheats fal l to account for the 
Dallta: plot distribution; however _t*£+I~Y does the 
best In this regard. 
(2) None of these schaaes has aa obvious __echa__la__ 
for explaining any of the other events I D Table I . 

Symbols: 

B 
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fails to give quantitative 
Quantitative explanation 
No obvious explanation 
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LOW ENERGY SIGNALS OF COMPOSITE HOTELS* 

Coapositeness Study Group at the SSC Theoretical Workshop 

R. Barblerl. 1 . Sara, H. Bowie It, s . Dawson, K. E l l i s . H. Haber, B. Holdoe, J . Roaner, M. Suzuki. 
SUMMIK 

Some signals of coaposlteness that represent 
deviations from the standard Model at leu energies zee 
discussed. Emphasis is given to exotic- cwposltes, 
3trong P,C violation beyond the weak Interactions and 
small deviations in relations among the parameters of 
the standard model. Such effects nay be detected at 
energies obtainable at CERN, LEP and the SSC. 

EXOTIC COMPOSITES 

If quarks and leptons are composites of preons 
with a scale A , their low mass (m«A ) can be 
understood only If there is a preonic chrral flavor 
symmetry group G„ that is not spontaneously broken in 
the vacuum. G must Include SU(3> C x SU(2) x U(U x 
Baryon number x Lepton number x family quantum 
numbers. If all forces, except the strong precolor 
forces, are neglected at the scale A , G p may appear 
to be a much larger symmetry. Since *the formation of 
the bound states at A has nothing to do with the 
other smaller forces1, (e.g.QCD), it is a good 
approximation to use the enlarged (globally conserved) 
G„ to classify all massless or massive composites in 
irreducible representations of G F-

The massleaa composites, classified as {RJ under 
G , must satisfy certain consistency conditions' ir 
the symmetry G is to remain unbroken. General unique 
solutions have been given to a set of very restrictive 
conditions*. Thus, it Is now known that there exists 
a classification of possible precolor groups and 
precolor representations (preons) that yield a 
predetermined set of massless composite states {R}. 
Potentially realistic examples can be found among 
these models. 

The next stage Is to analyze the SU(3) x SIK2) x 
U(1) content of these representations to determine the 
quark and lepton structure. There may be more than 
one way of embedding SU(3) x SU(2) x U(1) in G ; each 
embedding may give a different structure. One may 
find along with the raassless quarks and leptons that 
there are massless exotic composites in the sense that 
they carry high color or high we-k-isospin or high 
hypercharge (or electric charge); 

(Rl * leptons - {U , I) ) 

+ quarks - 1(3, I) } 
+ High color + [(6 or f) or 10 etc., I) J 

where the lsospln I and hypercharge Y may take 
non-exotic or exotic values. The emergence of exotics 
is not necessary in every model (see e.g. ref. 2) but 
they may occur quite naturally in many models. 

When the symmetry is broken from G to SU(3) x 
SU(2) x utO x Baryon no. x Lepton no., the exotics 
must become massive while the ordinary families are 
still massless (exact SU(2)). Since by definition 
of G_, this breaking is assummed to occur at a scale \i 
considerably smaller than A , u « A , the exotics are 
much lighter than the heavy*3 composures. The study of 
exotics is therefore Interesting since they may 
provHe some clues* of compositeness at energies much 
smaller than A . Furthermore, it is conceivable that 
high color exotics may play a role in electroweak 
symmetry breaking* at 250 GeV and generate masses for 
the quarks ana leptons in a composite model". The 

abnormally energetic events seen at UA1 and UA2 at 
CERN say be associated with exotics. 

These remarks provide aoae motivation for 
studying exotics at this workshop. We report here two 
possible occurences of exotics 1) Exotics produced 
freely, 2) Exotics within non-exotic bound spates. 
We concentrate on high color exotics since their 
production cross section la large In pp reactions 
already at CERN energies. 

In the reaction 

pp or pp •+ QQ • anything 

The pair of high color exotics (QQ) *ay be produced 
freely or in a bound state, depending on the strength 
of the QCD color force that acts on them. The bound 
state may be In the form of -onium (like charmonlum) 
or in the form of a pseudo-goldstone (n'-like object) 
if high color plays a role in electroweak symmetry 
breakdown <*t 250 GeV. The observation in the form of 
a bound state is possible only if the lifetime of the 
composite state is shorter than the lifetime of the 
individual exotic fermions. 

The dominant parton subprocess in the production 
of high color exotics is gluon fusion g • g * Q*Q. 
the production cross section is enhanced by color 
factors relative to the production of heavy triplet 
quarks, bound or free* The production of a bound 
state x-QQ is given by 

otpp^X+any) (tdl)' »• U itdL, 
&Z d T I -r-M„/s rf; 

where r, is the decay rate of X*gg ir Q is a color 
triplet, x dL/dT is the parton effective luminosity 
factor, as given in ref. 5., and the last bracket is a 
color factor for the color representation r-, d is 
the dimension of the representation and q is related 
to the quadratic casimir operator normalized to 1 for 
a triplet 

3 6 8 10 . . 

1 5 6 15 - • 

For Mx-150 GeV, we estimate r{X-»gg>*1-10 HeV for 
either -onium type bound state or goldstone type bound 
state. At CERN energies, •s-SHO CeV, the luminosity 
factor gives a cross section 

" %lch Is too small to producr- any appreciable number 
of events. Thus, surprisingly such bound states may 
hide quite well at CERN. Howe"5r, at the SSC, for Mx 
- 1 TeV, rx is estimated to be * 300 Mev, and at /s -
10 TeV the much larger luminosity factor produces 
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The analysis of the signals say be done a* described 
in ref. 6, for a similar bound state of two gluinse. 
Such a state may produce detectable signals st the ssc. 

The free production and subsequent decay of 
certain exotics can produce a such larger nuatber of 
events so that their detection la enhanced by many 
orders of magnitude. See, for example, Mtlawtea or 
gluino product: v. and detection at CERN 7 or the SSC 
energies 9. Composite exotics with certain properties 
that can produce energetic jet signals plus large 
missing energy with cross section of the size alleged 
to be detected at CERN can exist In composite Models. 
A minimal exaaple of a Model containing a zero-charge 
color nonet L, + Lj is given in ref. (i|). In the low 
energy theory one finds effective couplings of the 
form 

An excited triplet quark, which also has, 
unsuppresaed Magnetic couplings with a gluon and a 
quark, would differ froM the properties of th,-s se/tet 
described above. Per one thing, the Mass of Q is 
likely to be of order A . But, If soatthow its mass 
were low, it ulll_4be pexpected to have effective 
Magnetic couplings Q o <j?\iv with F - photon, u, Z 
In addition to gluon. *"Tnus, froM H&e ratio of the 
coupling constants for 

Q *q*« s Q *q** : Q •»q*W : Q *q*Z, 

taken proportional to the strenths of the gauge 
coupling constants, one May estimate the ratio of 
nuMber of events for 

Leff - L,l «"L, • L.i Ht * £_ L, Fuv aVV L t 

where D L,-3L»-Ig [A.L.] couples the gluon to a pair 
of octets and g/A describes the magnetic coupling for 
the gluon • octet + singlet. Since the octet and 
singlet carry the same global quantum numbers (they 
come from a nonet) the magnetic coupling Is net 
suppressed by factors of (mass/A), thus, the octet 
decays domlnantly to the singletpplus a gluon with a 
decay rate 

; °QCD H 8 / A P 

This may be small, but since It is nearly 100$ 
branching ratio, it is only the magnitude of the 
production rate that determines the number of event* in 
the final state. The production cross section for the 
octet is large at the CERN (and higher) energies, as 
estimated' for production of HO GeV gluinos In 
supersymmetric theories, and can produce many events 
with jets • missing energy of the type and numbers 
alleged to be seen at CERN. Thus 

Gluon + Gluon •* octet * octet u Jet + missing 
•» Jet • missing 

produces signals of the type 

proton + (anti-) proton+Jet+Jet+missing*anything 

with the characteristics of the CERN events at UA1 and 
UA2. If one of the octets has a slow forward 
momentum, the momentum cuts will make it appear as if 
there was only 1 energetic Jet in the final state, 
thus the mono-Jet and two-jet events with 
approximately correct size cross sections may be 
explainable by composite exotics. 

There may exist other exotics with interesting 
properties. For example, a sextet plus a triplet with 
the 3ame global U<1) quantum numbers will have 
effective interactions of the type described above. 
The decay rate for sextet -* triplet + gluon is similar 
in magnitude to the octet described above. [if the 
triplet does not share the same global quantum number 
as the sextet, then f» is suppressed by a factor 
(m/A )*]. The production and decay of a pair of heavy 
sextets will now produce 2 + 2 - 1 energetic Jets In 
the final state without any large missing energy. 
This kind of signal may heir or destroy certain 
models. 

jet*Jet : Jet+v t Jet+ev : Jet*vv t Jet+ee, 

with a result 

10 : 1 : 0.3 : 0.7 t 0.1 . 

Unfortunately, this pattern does not appear to 
correspond to present observations. Furthermore, the 
absolve number of events would be too small If the 
Magnetic coupling is of order 1/A . (The sextet 
described above, Ji' charged or if it ?ias weak isospln, 
would also produce signals of the type discussed 
here.) 

It appears that further study of exotic 
composites, with possible applications at CERN or the 
SSC, is warranted. 

STRONG P.C VIOLATION 

In the models with purely fernlonic preons it 
appears impossible to preserve global flavor chiral 
symmetry if the gauge precolor Interaction is 
vector-like*. By contrast, in left-right asymmetric 
chiral theories the necessary chiral preservation 
conditions can be satisfied •'*. Thus, ve are biased 
to believe that a preon theory is likely to violat-
parity (P) and charge conjugation (C) (but perhaps not 
PC) by large amounts at the scale A , since the 
classification of compoaitea and the doslnant strong 
Interactions (procolor) are expected to be left-right 
asymmetric. (Theories with scalar preons may avoid 
this conclusion). If we were doing experiments at 
energies near A this fact, if true, would be readily 
apparent. However, at low energies E<<A , the 
effective lagrangian contains symmetry violating 
effects in terms proportional to 1/A (such as 4-fermI 
terms), which are not easily detectable until the 
energies are sufficiently high. As emphasized since 
the early days *' 1, it is very Interesting to teat 
this distinguishing aspect of preon models by looking 
for P or C violating effects that increase with energy 
and eventually surpass in magnitude the parity 
violation or the weak interactions. 

In this workshop we considered the possibility of 
polarized proton beams to help determine the chirality 
{and hence the P,C properties) of the contact *i feroi 
interactions with strength 1/A* The initial 
discussions revealed mainly the difficulties: At the 
SSC energies mainly the sea partona domLnate1. 
Therefore we do not expect much effect from the 
initial polarization of the proton which is mostly 
shared by the valance quarks. Furthermore, in the 
final stats we cannot distinguish a quark jet from an 
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i anti-quark jet. This prevents distinguishing final 
helicltlesi In addition, since the expected 
asymmetries are avail at E « A , the parton 
distributions oust be better understood to clearly 
disentangle the effect. 

Another possible test of P,C violation in contact 
terms involves polarized electron-electron or 
electron-posltro,n scattering. The available energies 
and resulting effect are of course ouch smaller, but 
the signal would be cleaner. One could _«esaure 
forward-backward asymmetries in ee*ee or ee+ee with 
initially polarized electrons. Some estimates have 
been done by Peskin f._ A_more Interesting test would 
be a measurement of ti*tT with initially polarized 
beams and observation of the polarizations of stopped 
T, t< A deviation from the hellclty amplitudes and 
rates of the standard model may Indicate the preaence 
of contact terms with certain hellclty properties. 
General 4-fermi hellclty amplitudes and cross sections 
that can be applied to this problem are defined in 
ref. 10. 

technicolor theory) with the ablltly to generate 
up-down sass differences. Electroweak spontaneous 
breakdown allows us to replace M by the vacuus 
expectation value v, thus generating B-Z or T-Z Mixing 
In the for* 

where Auv and Zuv are the photon and Z . field 
strengths, and tan e-gVg is the Weinberg angle, the 
parameter E' may be estimated by relating it to 
4-fermi interactions that violate the right-handed 
isospin. It fs magnitude may be as large aa £' -
0.0| , unless It is auppressed by a factor (v/m-)'. ni
ls the dynamically generated mass of a high-color or 
technicolor quark. 

It can be shown that this mixing f leads «o a 
redefinition of the measured Weinberg angle S 

In addition to separate P,C violation It is 
interesting to consider (POT) violation In the 
contact terms, although there i3 no compellIng 
theoretical reason to expect it. a possible effect 
involves the quantity 

S 3- Sin 2 6 •e'Sine Cos a6 . 

do 
dqdy y-o (pp+ev) 5klyigP-tv) = A 

A signal above the standard model background would 
result if the 4-ferml strength is A*/2Aa, with X'-tv, 
A -5 TeV, and /q*' is larger than #30 GeV. For 
example, at /q 2 - 1.5 TeV the quantity A would be 5 
times larger than the Drell-Yan background. The 
effect gets larger as /q a Increases. 

By far the surest way to observe the possible 
strong P,C violation is to do experiments at large 
energies E i A . If A is not large relative to the 
SSC center of mass partPon-parton energies {see ref. U) 
the best way to distinguish viable models may be 
through asymmetries. Estimates of asymmetries have 
not yet been done for such energies, but a formalism 
that provides the methods and some cross section 

SHALL DEVIATIONS IN THE STANDARD MODEL 

Host discussions on tests of compositeness at low 
energies concentrate on new phenomena due to the 
non-renorraallzable pieces in the effective Lagrangian, 
However, because of the electroweak symmetry breaking, 
the effects of compoaiteness may trickle down to the 
dimension s U operators in the standard model. These 
effects which boll down to shifts in the W, Z masses, 
the p parameter, or the Z couplings, may be aieanurably 
large in precision experiments as discussed in more 
detail refs. 11, 12. 

As an example consider the T-Z kinetic mixing of 
ref. 12. This arises from an SU(2) X U U ) invariant 
term in the effective Lagrangian 

"2 5 R , / f i ' B y V ̂  ["* C D
U
 D

V
] M 

where M is the 2 x 2 matrix of [sU(2) x U(l)]/U(1) 
GoIdstone boson fields (effective Higgs), DyH - 3uM -

-lg W (T/2) M * lg* M ( T , / 2 ) B , and B -3 B - 3 B 
is tHe field for B . Note v the presence3 of r, pthat 
breaks the right haNded isospin: This Is assummed to 
arise from an underlying preon theory or extended 

and to a modification of the relationship between the 
measured masses of W, Z and the Weinberg angle S, and 
electric charge; 

m - 1 ev „ 
z 5 I ^ F I'" « ;'2S ' - I 

This causes a shift in m w o r i n , m u p t 0 n 

if not suppressed by v/nu. 
However, since the effective interaction above is only 
an example, a more general structure can lead to a 
larger shift in m,, %* according to the more 
general formulas in rer. 1z. It is hard to obtain a 
precision measurements of m with present techniques. 
However, measurements at the Z resonance could reveal 
shifts in m , as well as modifications in the 
couplings of T-he Z, as in eq. 1*6 of ref. 12, thus 
signaling deviations from the standard model due to 
the presence of a higher scale. 
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EUROPEAN FACILITIES AND PLANS 
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CH-1211 Geneva 23, Switzerland 
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The capabilities and time schedules of present 
and planned accelerators in Europe are reviewed. The 
history of the Large Hadron Collider (LHC) project is 
recalled, and the results of machine feasibility 
studies are summarized. It seems possible to build 
in the LEP tunnel a pp collider with v's- » 10 to 

33 -2 -1 18 TeV and a luminosity of 10 en sec . Results 
from the Lausanne Workshop on LHC physics are 
reviewed, and some aspects of Higgs and supersymmetric 
particle production are discussed. 

Present and Planned Accelerators 

Sp?5 Collider. In the past this machine has 
operated at a centre-of-mass energy v's" - 546 GeV at 

29 -2 -1 an instantaneous luminosity up to 2 x 10 era sec , 
and has accumulated an integrated luminosity of about 
10 nb" . Plans for this year include a test for an 
exploratory run in a pulsed mode, with the beam energy 
oscillating between 120 and 450 GeV on a time-sca'.e 
measured in tens of seconds. It is hoped to achieve 
next year an instantaneous luminosity of order 
,25 at v's =• 900 GeV , which should enable 10' 

searches for Centauro events oi any other novel 
phenomena with a threshold below </s • 1 TeV . Also 
planned for this year is a conventional physics run at 
I'S" - 620 GeV for about 12 weeks between September and 
December 1984, during which, with the aid of some 
improvement in the Instantaneous luminosity, one 
should be able to increase the present integrated 
luminosity by a factor of 3 to 5. In the future, it 
is planned to upgrade the Sp]5S Collider with a new 'p 
accumulator ring called ACOL, which should Increase 
the peak luminosity by 0(10) from 1987 onwards. One 
may hope to accumulate an integrated luminosity of 

3 - 1 4 - 1 
0(10 ) nb before then, and perhaps 0(10 ) nb 
afterwards. Plans for detector upgrades include a 
microvertex detector for UA1 during 1984, and 
subsequently improved calorimetry. UA2 plans include 
Ring Imaging Cerenkov (UICH) in the forward direction 
during 1984, and improved solid angle coverage for 
their calorimetry in 1987, 

LEF. Access pitB are being dug, as well as the 
part of the tunnel under the Jura mountains. The 
first e +e~ collisions are expected towards the end 
of 1988. In its first phase (LEP I) the centre-of-
mass energy vs € 103 GeV with an instantaneous 

31 -2 -1 luminosity ^ 10 cm sec . The cost of LEP I is 
about 4.5 * 10 $ . Probably it will be run for at_ 
least two years at the Z° peak, gathering up to 10' 
Z° decays. Also, the latest data on the t quark 
make it seem quite likely that toponium is too heavy 
to be produced at previous lower energy e +e~ 
raachines, and that LEP may provide the first detailed 
exploration of the toponium system, something which 
might ta-e a year or more. Beyond LEP I there are 
options for increasing the available /s « called 
generically LEP II. One possibility is to fill up the 
first two planned RF galleries with superconducting 
RF. This would provide v's up to 140 GeV at 

32 -2 -1 
luminosities up to 10 cm sec . There Is also 

provision for excavating two other RF galleries and 
filling then with superconducting RF which should give 
/s - 180 GeV at a luminosity of 1 0 3 2 en" 2 sec"*1 . 
The cost of LEP II is estimated to be about 
10 $, 1 1/2 tines the part of the annual CERN budget 
available for LEP construction. The additional RF for 
LEP II could be installed during shutdowns of LEP I, 
which Is not expected to run for more than about 2000 
hours -per year. It Is not unreasonable to foresee 
LEP II starting to operate above the W+VT" threshold 
in 1992, and then running there for at least two yesrs. 
Four detectors are currently under construction for 
LEP. Among these are ALEPH and DELPHI which feature 
IPC's and other slow drift devices, and OPAL and L3 
which do not have such slow drift devices, and could 
perhaps be used in a modified form at the LHC. 

HERA. This ep collider was finally approved in 
April 1964, and civil engineering is expected to start 
soon. It Is planned to collide 30 GeV e* with 
820 GeV protons for a total center-of-mass energy of 

32 -2 -1 314 GeV, with a lujninoaity around 10 en sec 
A simpler, cheaper and higher field magnet design is 
now being prepared, which might enable higher proton 
energies of 0(1) TeV to be achieved. It is expected 
to have electrons In their ring by early 1988, and the 
protons in mid 1989, with ep collisions in mid 
1990. Intensive e +e~ physics is not a priority for 
the machine, and going to 40 GeV per beam in the 
e~ rings would require superconducting RF: this makes 
it unlikely that HERA will be suitable for a toponium 
factory. As for possible subsequent developments of 
HERA, the internal diameter of the tunnel is large 
enough to contain another ring. There are no prizes 
for guessing what that ring might be! The present 
cost of the HERA projected is estimated at around 
2.5 * 10 $ . About a third of this Is being covered 
by contributions of labour, materials and components 
by countries outside West Germany, including Italy. 
Canada, France, the Netherlands, Great Britain and 
Israel. This is a novel model for international 
participation in accelerator construction, which 
might be interesting for future projects such as the 
SSC. No experiments for HERA have yet been chosen, 
and it is expected that decisions will be made in late 
1985. 

History of the Large Hadron Collider (LHC) Idea. 
Ther' were many informal discussions of a possible 
hadron collider in the LEP tunnel even before LEP was 
officially approved. Indeed, the possible subsequent 
installation of a hadron ring or rings was taken into 
consideration when choosing the LEP tunnel radius (as 
large as possible, since it might be the last piece of 
real estate available for accelerator construction in 
Europe, as well as to get to the highest possible 
e +e" energies) and diameter (large enough to leave 
room for hadron magnets). Discussion of an 1.HC was 
greatly stimulated by the recent success of the Spp~S 
Collider, Serious work was, however, triggered by the 
initiation of the SSC project in the United States. 
There were prepatory meetings at CERN in December 1983 
and February 1984, in which about 40 leading European 
physicists participated. Also during the winter 
1983/1984 there was an LHC machine study group at CERN* 
which produced the feasibility study*reviewed in the 
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next section. Then, in March 1984, About 150 
physicists met and worked on LHC physics at Lausanne 
for four days, with a subsequent two day open presen
tation at CERN. 2 fcll tills activity was summarized in 
presentations3 at the ICFA meeting at KEK near Tokyo In 
May 1984. 

LHC Machine Studies 
Possible Options. Although I am a total 

ignoramus about accelerators, I have been asked to 
review here the "feasibility study of possible 
options" for a Large Hadron Collider in the LEP tunnel 
made by the CERN Machine Group, GO I will do the best 
that I can. The three main options considered have 
been: 

(A) pp in a single beam channel, with either 
present day or futuristic high-field magnets. Such 
a device would yield relatively low luminosity and 
need a relatively large aperture so as to allow 
separation of the beams (Fig. la). 

Figure 1 Possible Options for LHC Beam Channels 
1000 

Figure 2 Luminosity and Bunch c-paration 

10 100 
T K Ins) 

(B) Two beam channels with a common magnetic 
circuit (Fig. lb). The apace available in the LEP 
tunnel can only accommodate one cryostat to contain 
both beam channels. The most interesting possibility 
is to put them side by side, which permits a high 
luminosity pp machine with many bunches. If one 
uses present-day lower-field magnets one can have the 
magnetic fields in the two channels either antiparal-
lel (allowing pp in separated channels or pp~ in 
the same channel) or parallel (allowing pp~ in 
separated channels). If one goes to high-field mag
nets only the antiparallel po-sibility (permitting 
pp ) is available. 

(C) Two beam channels with independent magnetic 
circuits (Fig. lc). In this case one is restricted, 
to moderate magnetic fields, but either pp or pp 
could be realized. Among these various options, (A) 
has received some attention but most interest has been 
focused on (B) which is the most demanding technologi
cally as well as making the most physics available.* 
The attention paid to the different options in this 
brief review will reflect these priorities. 

Luminosity and Bunch Separation. Most high 
energy hadron-hadron colliders use bunched beams: let 
us call the separation between successive beam 
crossings T„ , and the average number of collisions 
per beam crossing n . It is clear that if n is 
kept fixed, an increase in the luminosity L can only 
be obtained at the price of decreasing T v , as seen 

2 in Fig. 2. Feasibility studies of experimentation at 

a Large Hadton Collider suggest that it may be diffi
cult to imagine working with n larger than 1, while 
one can do experiments with T P 25 ns. If these are 
strict limits, then the luminosity of a collider in 

3^ _? -1 
the LEP tunnel is restricted to L ? ft M O ' cm s . 
However, if higher values of n are tolerable, one can 

„33 -1 increase L to 1,5 x 10 cm s (corresponding to 
n A, k ) before hitting the beam-beam tune-shift limit 
of 0.0025 reached at the SppS collider. Such a 
luminosity la feasible with the pp option, but would 
require between 3000 and 4000 bunches. Matching the 
RF in the SPS and the LHC is only possible for a few 
choices of bunch number, and the only choice In this 
range is 3564. With N = 5 * 10 protons the 
stored energy would be 70 MJ , a reasonable number, 
while there should be no problems with beam-beam 
effects as long as n £ 1 (£Q =S 0.0013), The lumino
sities in pp machines are restricted by the number 
of antiprotons available. Possible choices of r v 

and for N_ = 1 0 1 2 and 10 .13 

luminosities In the range L 
, c „ l f t32 -2 -1 

1.5 * 10 
would be possible 

are shown in Fig. 2: 
,31 -2 -1 ^ 

pp Option. General parameters of the LHC pp 
option are set out in the Table. There would be eigh 
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Tabfe: General Parameter* and Perfarwnce 

General Parameter* 

within £hi» croas-iecClon while having two aide by 
aide beaa channel! Is shown In Fig. 3* 

Proton-Proton 

165-180 
3564 
25 
a 
5v 
0.31 
96 

79 158 
w/3 w/2 
10 10 
8.14 8.99 

86 
0.0013 

167 
0.0025 

Collider Type 1» LEP 
Separation Between Orbits (am) 
Number of Bunches 
Bunch Spacing (n£> 
Number of Crossing Points 
Beta Value at Crossing Point (m) 
Normalized Emittance 4nya /& (um) 
Full Bunch Length (m) 
Full Crossing Angle (urad) 

Lattice Period Length (m) 
Lattice Phase Aivance 
Dlpole Magnetic Field (T) 
Operating Beam Energy (TeV) 

Performance 

<n> at a - 100 (mb) l 
-2 -1 Luminosity (cm s ) 4x1 

Number of Particles/Bunch 
Circulating Current (mA) 
Beam-Beam Tune Shift 
Beam Stored Energy (MJ) 63 121 
RMS Beam Radius (ym) 12 
Beam Life-Time (h) ** 42 21 
* at interaction point for 0* - 1 m 
** particle loss due to team-beam collisions 
crossing points, though only six of these might be 
available for experiments, with two (or possibly just 
one) being reserved fcr dumping the beam. The-length 
of the ring is fixed by the size of the LEP tunnel: 
26.658 km, Each Btraight section would be 0.490 km 
long and the average bending radius would be 
3.494 km . Thus the maximum beam energy Is fixed by 
the attainable magnetic fields, which has been limited 
to B - 10T in the studies made. In this case the 
maximum beam energy Is between 8 and 9 TeV, the latter 
requiring a longer lattice period which would not 
normally be the preference of the machine physicists, 
though experimentalists would obviously prefer the 
highest possible beam energy. The beam crossing 
angle would be 96 urad , 

kxgnet System. Existing magnet technology, as 
developed by FNAL in particular and also BNL, DESY, 
KEK and UNK, can reach B ^ 6 or 7T . Getting to 
LOT would be a technological challenge which will be 
discussed in a moment. General features of the 
magnetic system which would be largely independent 
of the maximum field value are the following. For 
reasons of space and economy interest centres on a 
two in one design with a common magnet yoke and 
cryostat. For simplicity, economy and the highest 
possible beam energy one would like the dipeles to 
be os long as possible. However, the geomeTy of 
the LEF access pits restrict one to dipoles of length 
< 12 m . The area available above the LEV magnets is 
about 0.8 m horizontally by 1.1 m vertically. 
A design1 for the magnet and its cryostat which fits 

Wm in i 
Figure 3 Possible Two-Channel Magnet Configuration 

For reasons ol space the vacuum chambers would be cold. 
The inner diameter of the superconducting coils would 
be 35 to 50 mm (the smaller the better from the 
point of view of the magnet designers). The ramping 
time needed to get from the field of 0.5 T required 
at the Injection energy of 450 GeV from the SPS, to 
the maximum of 10 T at 9 TeV would be about 10 
minutes. Magnet system parameters * for different 
period lengths are shown in Table 2. 

10 T Magnets. To get B - 10 T in the magnet 
aperture one needs B - 11 T in the conductor itself. 
The maximum current required is jc - 1300 A/mm 2 , 

2 
corresponding to <jc> » 300 A/mm after dilution by 
copper, a filling factor and allowing for a 202 safety 
factor. There are two candidate superconductors for 
attaining such a performance: Nb, Sn at 4,2° K and 
Nb Ti + Ta at 1.8° K , as seen in Fig. 4. It seems 
that Nb, Sn may have the greater potential for future 
development, in the sense that the attainable jc 
falls more slowly as B is increased. So far, for 
reasons of time, LHC machine studies* have only 
included Nb, Sn at 4.2°K : it is planned to compare 
later with Nb„ T. + T at 1.8° K . Small quantities 
of Nb, Sn superconductor have been made :'.n industry, 
but there is a long way to go to reach the thousands 
of tons needed for an LHC magnet system. Moreover, 
the mechanical properties of Nb3Sn cause engineering 
problems for magnet fabrication. Therefore consider
able research and development work will be needed 
before a 10 T pagnet system can become a reality. 
As discussed earlier, there is time in the European 
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schedule for such an R end D programme to be under
taken, and several European laboratories are interest
ed in participating in it. 

Other Subjects Studied. The purpose of this 
section is just to inform you chat a serious study 
has been made of most machine systems: please see 
the LHC machine study group report* for details. 
Practicable designs for quadrupoles and sextupoles 
have been made. The scaling of the magnets for 
different apertures between 35 and 50 mm has been 
studied. A 4.5° K cryogenic system has been 
designed—one Interesting feature is the 1.5° slope 
of the tunnel which creates as pressure difference of 
1-4 bar across the ring for liquid helium—annoying 
but not Impossible to live with. The vacuum system 
has been studied. For the RF system it is proposed 
to use a frequency of 400.8 MRS , just twice the 
SPS RF frequency, which gives flexibility in the 
choice of bunch number. The SPS will be used to 
inject bunches of 10 particles at 450 GeV . Since 
the SPS already provides up to 3 * 10 protons per 
pulse and has a repetition rate of 10s , it will 

13 quickly provide the 5 x 10 protons -needed for LHC 
in the pp option. Since the ratio of LHC to SPS 
circumferences is 27/7 , the entire LHC ring can be 
filled with four SPS pulses. Two possibilities for 
the transfer lines have been investigated. One 
involves two 2 tan transfer lines with large bending 
radii for which conventional magnets could be used, 
while the other involves two 1 km transfer lines 
with smaller radii which would need superconducting 
magnets. The shorter transfer lines would need a 
IZZ slope to get down to the LEP/LHC tunnel, which 
is lower than the SPS tunnel, but the problems this 
raises for the transfer line cryogenic system seem 
to be soluble. Among other topics studied which seem 
to raise no particular problems are the beam dumps and 
radiation protection. 

p"p̂  Option. In this case the attainable lumi
nosity is limited by the p" accumulation rate A . 
The rate required is ^ N_ divided by the luminosity 
decay timi . For T • 20 hours and 

12 *" a \ c i«W 10 one needs 

with the present CEHN 7 source, hut is expected to 
be reached by the TNAL Tevatron I *nd CERN ACOL * 
sources. As seen in Fig. 2, with N_ » 10 1 2 one can 

31 -1 -i p 

attain L < 1.5 x 10 * cm s with 108 bunches corresponding to T„ * 825 ns. A more sophisticated 
source would probably be designed to reach 
A - 5 x lQ11/hour , permitting H_ • 10 1 3 and 

32 -? -I P 
I < 1.5 x 10 ca a . However, one would either 
require a coepllcated separation scheme to avoid 
Interactions at about 2000 unwanted crossing points 
(each separator being about 40 a long) or have many 
events per bunch crossing (unacceptable to the 
experimentalists?) or some judicious combination of 
these two extremes. These difficulties would not 
arise with a low luminosity pp~ machine* or one with 
two beam channels. 

Conclusions on LHC Pesiga. 1) One could build a 33 -2 -1 10 cm s luminosity pp machine in the LEP 
tunnel whir*] would yield VB * 18 TeV with 10 T 
magnets. 

2) To achieve this, one needs a vigorous 
programme for the development of materials and 
techniques needed to make such magnets. 

3) One would easily reach ̂ s - 10 to 13 TeV 
with Six to seven T magnets after a shorter 
development programme* 

4) All other components and systems are feasible 
with present technology. 

What would be the cost of the LHC? The cost of 
the magnets, scaled up from HERA, would be about 
400 M $ , namely less than the total LEP cost and 
about 1/6 of the recently projected coat of the SSC. 
A simple-minded theorist's way of understanding this 
ratio is as follows. A factor of 1/3 comes from the 
smaller size of the LEP ring, and is reflected in the 
correspondingly lower energy of the LHC. Since 
calculations 4,5 suggest that the physics reach of 
such hadron-hadron colliders grows roughly as 
1/4 S for fixed L , it becomes relevant to ask how 

much an extra factor of 1.5 to 2 in physics reach is 
worth. Another factor of 1/2 in cost comes from the 
existence of a tunnel and laboratory infrastructure 
at CERN. FNAL can provide the latter in the U.S., 
but not the former, so that siting the SSC at or near 
FNAL woulj not save such a large factor in cost. 

A final comment concerns a possible ep collider. 
This would be available for free In the LEP tunnel: 
by colliding LEP and the LHC one could get 
Vs £ 2 TeV for ep collisions. This possibility 
has been discussed enthusiastically by theorists," 
but no detailed machine study has yet been undertaken. 

Lausanne Workshop 
Questions. As mentioned earlier, this meeting 

involved 150 physicists meeting at Lausanne for four 
days, fallowed by a two day public presentation at 
CERN. Needless to say, most of the work was done 
beforehand by the different working groups. The big 
questions to be addressed by the physicists at 
Lausanne were: 
a) Do you want 
with 10 TeV ? 

•fa - 18 TeV , or would you be satisfied 

N_ ** 10*" one needs A > 5 * 10*" per hour. This is 
about an order of magnitude larger than that attained 

b) Can you work with L = 10 
32 -2 -1 limited to L ̂  10 cm s 

-33 
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c) Would you prefer n ^ 1 and T x "» 25 ns , or would 
you prefer n ^ 6 and T„ ^ 150 ns ? 

d> How Interesting do you find pp" at 
,„32 -2 -1 -t - 10 cm s ? 

The experimental physicists seeking answers to these 
questions were divided into 8 working groups, whose 
subjects and conveners are listed In ref. 6. To aid 
(?) chem in their deliberations there were the seven 
plenary talks by theorists listed in ref. 7, and a 
continuous theoretical discussion session held in 
parallel to the experimental working groups. 

Summary of Experimental Conclusions 

Jets. A 1 TeV jet 1 B expected to have a 
multiplicity or order 100, with 1/2 of its energy as 
carried by particles with energy fractions 
Z < 0.04 , and 1/2 of the Jet energy dispersed outside 
a 5° cone about the jet axis. These expectations 
must be kept in mind when considering jet energy 
resolution and separation in angle. In order to 
determine transverse momentum balance and hence be 
able to look for missing transverse energy one needs 
to be able to measure union momenta. Going from rt • 1 
event per crossing to 0(5) has little effect on 
such physics desiderata as the mass resolution in 
dijet combinations. It was not obvious that a 
magnetic field was needed for jet physics. The 
working group felt that it could operate with bunch 
separations as low as T„ - 10 ns . 

Electrons and Photons. It was thought that 
calorimetry was the only feasible technique, and that 
a "traditional" resolution AE/E ^ 0.15/-1/2 would 
be adequate. No obstacle was seen to working v'.th 
n > 1 and T„ - 25 ne. Host of the above remarks 
apply to che detection of Isolated e and y . The 
only conceivable technique for detecting electrons 
inside a hadronic jet was thought to be transition 
radiation detection, but this was not pursued in 
detail. This group also did not feel a strong need 
for a magnetic field, 

Muons. This group felt able to identify muons 
with p larger than a few GeV , and to measure the 
sign up to momenta of 2 TeV 
expressed for n •» 1 , while 
acceptable. 

A preference was 
' » 25 ns was found 

Tracking and Vertex Detector. These groups 
want-d n "= 1 . They thought that drift chambers 
would be adequate for tracking. Silicon strips, CCD's, 
scintillating fibres and Josephson junction devices 
were considered as possible vertex detectors. CCD's 
were preferred on grounds of versatility, but would 
need to be speeded up to operate at the LHC with high 
luminosity. Concern was expressed about radiation 
damage to vertex detectors, which might have a life-

,33 -2 -1 time of only about 1 year if L ^ 10 cm s 

Triggering, Data Acquisition and Processing. 
Philosophies for these tasks were developed and no 
essential difficulties were forseen. 

Based on these studies, a Bummary^ of the big 
answers to the big questions posed ie as follows. 
a) No dramatic threshold is expected, but everybody 
prefers Je = 18 TeV . 
b) It is possible to do experiments with 

c) While such physics could be done with n > 1 . 
n ^ l l i preferred for tracking in particular, while '• 
nobody objected strongly to T„ i< 25 n» . 

d) No-one saw an overwhelming physics casa for pp 
32 -2 -1 collisions at L *v 10 ca s 

Suamary of Theoretical Discussions. For reasons 
of tine, space and to avoid duplication, I will only 
aumnarize here some studies which are of particular 
interest to the focus of this Workshop, nanely electro-
weak symmetry breaking, Higgses etc. This area was 
studied before, during and after the Lausanne meeting 
by Graciela Gelmlni, Heniek Kowalski and myself. 5 Our 
most detailed Investigations were of Weinberg-Salam 
elementary HiggB production, signatures and back
grounds, and of supersymmetric particles, mainly 
gluinos and squarks. 

We foundS that the detection of H produced by 
gg or WW collisions was difficult for 
2DL, < «., ̂  0(400) GeV because of the large WW pair 
production background. One reaction which seems to 
give a more favourable signal-to-background ratio, 
though a smaller total cross-section, is 
qq" •*• W* •*• H + W production, where there is an 
additional W in the final state to tag the event. 
Another possibly interesting reaction might be 
gg or q"q~ •*• Tt + H , although the background from 
Tt + WW has not yet been evaluated and it is not 
clear how efficiently the trigger Tt pair could be 
tagged. We also thought QDOUC the detection of 
Higgses with 100 GeV < m„ < 2 n^ , in which range 
their dominant decay mode would be ft . The back
grounds in gg -+ WW -*• H and gg or qq" •+ It + H 
seem to be overwhelming, but the background from 
qq~ -»• "t t + W to the reaction qq" •*• W*+ H + W seems to 
be no larger than the signal, and might enable it to 
be detected. 

As concerns supersymmetry, in addition to computing 
the total cross-sections for gg and qq production, 
we also investigated their missing p_ decay 
signatutes using a Monte Carlo programme based on 
g -*• qqV and q -»- qg or q^ decay. We found that g 
or q with masses up to 0(2) TeV could be detected 
with missing p of several hundred GeV and several 
well-separated hadronic jets (four from gg , g -+ qt$ , 
six from qq , q •* qg , 3! -*• qcp* , two from q̂ f , 

angle of the missing p vector is not strongly 
correlated with the observed jet azimuthal angles, 
enabling heavy sparticles to be clearly separated from 
semileptonic quark decay backgrounds which give a 

strongly correlated with one of the observed jets. We 
concluded g or q shoulH '̂ e quite easy to detect. 

For more details of our work, see ref. 5. For 
subsequent discussions of the signatures of 
intermediate mass Higgses and of supersynmietry, see 
the corresponding study group summaries" in these 
Proceedings, 

10-
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A SADDLE-POINT SOLUTION IN THE WE1NBERG-SA1.AH THEORY 

F.R. Klinkhamer* and N-S. Hanton 
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106 

Summary 

We briefly discuss some properties of a new 
saddle-point solution (energy ~ 10 TeV) in the standard 
theory of the electroweak interactions. 

Recently it was shown that the field configuration 
space of the classical Weinberg-Salara theory1 without 
fermions has noncontractible loops passing through the 
vacuum configuration.2 This makes it likely that there 
is a static classical solution of the field equations, 
which is a saddle-point of the energy functional, and 
therefore unstable- The solution would be the maximal 
energy configuration on some noncontractible loop, and 
all other loops homotopic to this one would pass through 
configurations of equal or greater energy. It would 
therefore be at the top of the energy barrier for going 
from the vacuum to the vacuum along a topologically non-
trivial path. This energy barrier has a definite height 
because the Weinberg-Salam theory has a mass scale (the 
Higgs vacuum expectation value), in contrast to the case 
of a pure gauge theory such as Quantum Chromodynamics. 

One believes that there is such a saddle-point 
solution by analogy with work of Taubes, who has shown 
rigorously that in a slightly different context, namely 
the zero-monopole sectar of the S0(3) gauge theory with 
an adjoint Higgs field and vanishing Higgs potential, 
one can apply Norse theory arguments to relate topologi
cal information about the space of field configurations 
to the existence of stationary points of the energy 
functional. Forgacs and Horvith have reviewed a number 
of other field theories in one, two, and three spatial 
dimensions, where explicitly known saddle-point solu
tions are related to ths t-pology of the field configur-
at ion space. 

We have coined the word "sphaleron" to describe 
any classical solution of this type in a relativistic 
field theory. A sphaleron, being static and localized 
in space, is particle-like, but since it is unstable, 
we do not want to call it a soliton. Unlike a soliton, 
a sphaleron almost certainly does not correspond to a 
stable particle state in the quantum theory. 

One can find a good approximation to a sphaleron 
in the Weinberg-Salam theory, which has gauge group 
SU(2) * U(l}, by expanding to lowest nontrivial order 
in the weak mixing angle By. In the limit that fl„ 
vanishes the U(l) field decouples and may consistently 
be set to z~ro in the field equations. There remains 
an SU(2) theory with a doublet Higgs field. Dashen, 
Hasslacher, and Neveu (DHN)^ discovered some time ago 
a stacic solution in this theory, which was later re
discovered by Boguta. The solution has finite energy, 
and the energy density is localized and spherically sym
metric. The fields..strictly speaking, are only axially 
symmetric. Burzlaff proved recently that this solution 
rigorously exists, and also proved that it is unstable, 
by presenting a one-parameter family of field configura
tions, among which it is the configuration of maximal 
energy. In fact, there is a noncontraotible loop in 
the configuration space passing through the vacuum and 
the DHN sphaleron, on which the sphaleron is the con-
figuratlon of maximal energy. 
This summary is based on a paper submitted for publicati 
presented at this workshop by NSM. 
"•"Address after October 1: NSD-70A, Lawrence Berkeley Lab' 

We have estimated numerically the energy of the 
SU(2) sphaleron for the whole range of values of the 
quartic Higgs coupling X (neither Dashen et al. nor 
Boguta had done this). We find Chat the sphaleron 
energy E s increases from 7.6 TeV for X = 0 to 13.5 TeV 
for X = » (see the Appendix for details). 

when e w 4 o the presence of the U(l) field makes 
it impossible for the solution to remain spherically 
symmetric in any sense. However, it is quite easy to 
find the changes in the sphaleron's properties to 
leading order in 8y. To first order, the Sl)<2) gauge 
field and Higgs field remain unchanged, but they pro
duce a U(l) current density which is axially symmetric 
and which acts as a source for the U(l) gauge field. 
By calculating the asymptotic form of this U(l) field, 
we find that the sphaleron has a magnetic dipole moment 
of strength ^ 0.3 GeV . This is about 80 times larger 
than the magnetic moment of the W-boson, which is e/Mw.' 
The energy of the sphaleron decreases by ** 17. relative 
to the energy when 6 = 0 , 

Another interesting property of the sphaleron is 
that it has a baryon number and a lepton number of 1/2. 
This is a direct consequence of the anomalies in the 
fermionic currents of the Weinberg-Salam theory, whose 
significance was first discussed by 't Hooft. These 
fractional charges are also related to the existence 
of a zero binding energy solution to the Dlrac equation 
in the SU(2) sphaleron background. Consider for sim
plicity the SU(2) part of the Weinberg-Salam theory 
with only leptons, that is, with an SU(2) doublet 
*L = ^eL' v 0 a n t i w i t ^ a n SU(2) singlet eg, and let 
these leptons be massless (no Yukawa term in the Lagran-
gian). In the sphaleron background there is a normali-
sable zero energy solution to the classical Dirac equa
tions: v^ as given in Ref. 11 and ep = 0. Following 
Jackiw and Rebbi* 2 this then implies that the sphaleron 
has lepton number 1/2, which agrees with the result 
derived from the anomaly equation. A similar analysis 
holds for the Weinberg-Salam theory with only quark 
fields. Thus in the full theory with one generation 
of quarks and leptons the sphaleran also has baryon 
number 1/2. 

It has betn claimed by *t Hooft that tunneling 
between topologically distinct vacua is negligible in 
the weak interactions because the Euclidean action is 
so large, namely > 8w 2/g . But this argument only 
applies to a virtual quantum process. If there were 
sufficient real energy available, more than the spha
leron energy Eg, the tunneling process might be en
hanced. There seem to be two situations, at least, 
where this could happen. The first is in high energy 
collisions of particles from a very powerful accelera
tor, and the signature of the process would be the 
violation of baryon and lepton number conservation. 
The other situation is for a system at very high tem
perature (kT > Eg)< Thermal fluctuations might then 
produce the baryon number violating process via the 
sphaleron at a substantial rate. This could be impor
tant in the Universe at early times (t x 10'^s, 
dT •*- 10 TeV), where these processes could be related to 
the baryon number as observed today, cf. Ref. 13. Bi.t , 
before one can address these problems, a better under
standing of the role of the sphaleron and other solu-
t ions is required, 

on in Physical Review D (preprint NSF-ITP-84-57) and was 

oratory, Berkeley, California 94720, 
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In conclusion, it is clear that already the stan
dard Weinberg-Salam theory for the electroweak Inter
actions contains some interesting non-perturbative 
structure. 
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Appendix 

We will present here a table with numerical results 
for the energy of the SU(2) sphaleron (zeroth order in 
6 W) and the magnetic dipole moment to order 6y. Let us 
first establish our notation: v is the Higgs vacuum 
expectation value; \ is the quartlc Higgs coupling; g 
and g* are the SU(2) and U(l) gauge coupling constants, 
respectively; the weak mixing angle e w is related to the 
electric charge e by e = g sin fly = g* cos fly. To be 
definite we take the following values: W-boson mass 
M„ = £ gv = 80 GeV, e 2/4n = 1/137, and sln 26 M = 0.23. 

The field configuration of the Sl'(2) sphalecon is 
determined by two radial functions. The differential 
equations for these functions, which follow from the 
field equations, can be integrated numerically. In the 
tablis below we give the resulting values for (i) the 
energy in units bxv/g = 5.0 TeV, and (ii) the magnetic 
dipole moment in units of — _&L = 2.99 e/K.. For com-

3 g 3v 
parison we also give the variational estimates of these 
quantities given In our original paper, to which we 
refer for further details. 

w 
ene 

num. var. 

magnetic 

num. 

moment 

var. 

0 
1 

1.52 
2.07 
2.70 

1.57 
2.10 
2.72 

28 
18 
16 

19.1 
21.3 
19.5 
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9^" 
THE THIN ZHD OF THE WEDGE 

OR 
HOW SUGRA GUT-DRIVEN RADIATIVE EUCTROWAK HEARING CAN ACCOMODATE A LIGHT TOP ONLY THROUGH A LIGHT HI CCS 

P r o b i r Roy 
Broatthaven N a t i o n a l L a b o r a t o r y , Upton , MY 

and 
Tata I n s t i t u t e o f 7 u n d « e n t a l R e s e a r c h , Boabay, I n d i a * 

Tt*» 

A top mass in the range 20-55 GeV imposes t ight 
bounds on the l ight Higgs masses in the minimal 
SUSY-extended electroweak theory with soft SUSY-
breading and radia t ive EW-breaking induced at the 
dace scale by an underlying N"l SUGRA GOT. In 
pa r t i cu l a r , the l i gh t e s t Higgs must weigh quite 
a b i t less than Mz/2, being therefore detectable 
at SLC and LEP. This wi l l be a t e s t for auch 
theo r i e s . 

In th is theory the Higgs potential , including the 
most general aoft SUSY-breaking term* characterized by 
a nass-scale DUty), has the following decomposition 
into quartic and quadratic parts: 

»H „H 

v£ - 1/2 g 2 CHJ t /2 \ + H* Vl Hj) 2 

• 1/2 g 2 d / 2 1 ^ 1 2 - 1/2 iHjJ 2 ) 2 , 

(2a> 

(2b) 

Here g 2 , are the SU(2), U(l) gauge coupling strengths 
and the'Higgs doublets have been contracted by an c-
satrix. The diatenoional coefficients p - are 0(H U). 
One can choose a phase convention such tftat pi is 
real and positive. Upon spontaneous EW breakdown, only 
the neutral Higgs components acquire VEVs 

<v-($').<v-(0-
where (ignoring CP-violation in the fermionic sector) 
h j ( 2 can be taken to be r e a l . The physical weak vector 
boson masses are Chen given by 

"w.z " l / 1 igl- «1 + 8 2 ) < h l * h 2>- ( 4 ) 

Near the minimum, V^ looks like 

1. SUSY 3-2-1 Theory 

Consider the minimal (sof t ly broken) SUSY 
extension* of the standard 3-2-1 theory reta ining only 2 

the heaviest quark/lepton generation. I t has a apec-
trum^of seven l e f t - c h i r a l super f ie lds . In a t ranspar
ent 2(113, R2» YP notat ion, they a re : 

q(3 ,2 ,1 /3) ,T"(3,1,-4/3) ,B U (3 ,1 ,2 /3) ,1 . (1 ,2 , -1) , 

T C ( l t l , 2 ) , H T ( l 1 2 f l ) , B B ( l l 2 ? -1). 

The f i r s t five from the lef t are R-parity-odd matter 
superfields while the regaining two are R-parity-even 
Higgs super f ie lds . The most general R-parity invariant 
and 3-2-1 symmetric superpotential is 

(1) 

Here X's are dimensionless Yukawa coupling strengths 
and M is a dimensional coeff ic ient . The subscript t in 
Che LHS refers to our consideration as yet of only 
l ight superfieldB. 

1"Permanent address. 

S t a b i l i t y along the d i rec t ion h. = h. implies 

Vj < 1/2 (Uj + V2 ( 6 ) 

while a necessary condition for EW symmetry breakdown 
is that the determinant of the matrix in (5) be nega
tive, i.e. that 

(7) 2 2 

The boundaries corresponding to (6) and (7) are given 
in the figure on the a b s t r a c t . The minimization of V^ 
(h i |h2) leadB to two further re la t ions C*"'th cot8 
= h s / h ! ) : 

2 h l h ? 2A fftDi 
^ E 8 i n 2 6 B _ _ 3 _ r (8a) 

p,m r M 2 
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* & »\?h~lf1^ (8b) 

The physical Higgs spectrum has five particles B 
* n d H a , b , c Of the neutrals Hj b eaerge froa the 
real parts of the neutral Higgs fields and act*, as 
acalars with respect to f endemic interactions while 
Hc involves an imaginary part and acts as a pseudo-
scalar, the physical Higgs Basses, calculated froa 
C2), are 

M l 

2 o a , b - m c ^ ± { C D , c + ^ ) 2 

iuy 

V*,t* as well as light ones ¥*,=* and these de
fine the observable sector where gauge and Yukawa 
forces operate. In contrast, there is a gauge singlet 
hidden sector consisting of chiral auperfields generi
cs 1 IT described by t" at a typical scale *%csY ̂ 1 0 1 0 

CeV. This sector haa only supergravity interactions 
though the latter cover all superfields and span all 
scales. The situation is pictorially represented in 
the following figure. 

INUfflCTIONS' , 

- 4O*M£COJ 2 26) I / 2 > > < 21^, (9b) 

(9c) 

. 1 Thus1 the charged Higgses have to weigh more than the W 
while the two neutral scalers must be on either aide of 
the Z in mass. Further, it follows that ^ < i ^ < • , . 
It is also useful to write a Bass-relation linking n a 

and m], but without involving n^: 

(1 -%<4? CI ; ^ > " 1 . (10) cos 20 

Stronger bounds can be put on taa b if v$ 2 a r e 

known to have the same sign. (As discussed later , this 
is what is forced by a light top in the SUGRA GUT-
driven radiative EW breakdown scenario.) In that case 
one can take square roots of both sides of (7). Thus 
defining 5 = h^/hi - 1 - cot9 - 1, i .e . cos^e 
- (l - (1 + 5 + 62/ 2 ) - l )2 ) o n e c a n r e w r i t e (6) a n d (7) 

'V21 - A = 1 / 2 ( y: u * ) C l _ 

(12h) 

The quadratic inequality (11) on 6 implies 

- a (1-a) < 6 < I - a, 

• M l . i V2, a = m m . — , — . 

Since o ^ a c l , the lowest that the lower bound in 
(12a) can go"~down to is -1/4 while the upper bound can 
come up to, at most, 1. Thus, the two VEVs hj 2 n O W 

have to be roughly of the same order of magnitude. One 
can easily lower the upper bound on ra^ somewhat below 
H2 (e.g. m ^ Mg eos26 < 3/5 Mj)» but far stronger 
bounds are obtained below by restricting 6 more s tr in
gently by use of the underlying SUGRA dynamics. 

2. Minimal Low Energy Supergravity^ and 
Radiative^ EH Breaking 

Wê  proceed in a framework in which the above 
3-2-1 theory with a minimal softly broken supersym-
metric extension is in fact the low-energy remnant of a 
deeper underlying theory: an N • i SUGRA coupled** to a 
GUT. We assume not any specific model for the GUT part 
but only the unification scale MGUT • r l t ) I 6 G e V » t h e 

unified fine structure constant adlT "*" !•?%& flni* the 
absence of significant new thresholds below M™—. 
There are superheavy (vector .wd chiral) superrields 

He work in the class of theories where the total 
superpotential can be additively split between 
contributions from the observable and the hidden 
sectors: 

Hz) t?% C*-> • f. hid. (13) 

Local SUSY is tcken to be spontaneously broken at MSysY 
f 10*0 Q̂ y *py s nonzero Kahler covariant derivative 
VEV in the hidden sector. The embryotic goldotino 
gets eaten up by ti» gravitino through the auper-Higgs 
seenanism, consequent to which the hidden sector super-
fields decouple from the rest of the theory leaving a 
physical gravitino of mass J* /T73 K <F(zh)> J- /BTT/3 X 
^SUSY^Pfc' Here, K is the rationalized gravitational 
constant and F(z ) is the auxiliary component of z°; 
<F(ih> j . MSPSY *nd <J=h> ^ *%£• The gravitino mass, 
characteristic of the scale of the residual soft SUSY-
breaking terms after the passage to lower energies, is 
identified with the weak scale and is taken to be 
Q(lfc). 

The term in the Lagrangian 5f(N - 1 SUGRA + 
natter), that is most relevant to us, is the scalar 
potential given by 

(14) 

Here d(z,z*) is the Kahler potential which is a real 
function defined in a Kahler manifold of chiral 
scalar fields z^ and their complex conjugates S N . F 
is the Kahler covariant derivative of the superpoten
t ia l f, i . e . F N « fN + K2d«f with fN = 3f/az", 
dN - ad/3rN. Further, (d" r)Jl is the inverse of the 
Kahler metric tensor d|f = 92d/3zNazJ5. Moreover, 
faD is an analytic function of z" which transforms as a 
symmetric product of two adjoint representations of the 
GOT gauge group.^ ( I t occurs in the kinetic energy term 
•̂ KE " fabwawb» H a being the spinor superfield 
for the gaugfi field strength). Finally, we have 
Da " dN 'ST)aM *M» where (gT) a refers to a generator 
of the gauge group multiplied by the corresponding 
coupling. (In the tc -> 0 limit the RHS of (i4) goes 
into the familiar fN(z)f*N(z) + 1/2 DaDa form.) He 
shall not assume any particularly simple structure for 
d(z,z*) and f(z) since specific tree-level forms are 
likely*" to be destroyed by gravitational radiative 
corrections. 

- 5 0 -



The passage 7 to energy scales much below Hp, and 
just below Mcux c a n ^* achieved by expanding in power* 
of the gravitino maaa divided by Mpj, and integrating 
out the superheavy and hidden aeetor superfialds. On* 
then recovers the light superpotential f. of <1) plus 
the following soft SUSY-breaking terms: 

""3/2 (Af, (3> • Bf< 2 > + h . c . ) 

An ?l*tl2 - I / 2 V.- os) 

In (15) fj 3 > and f ( z ) are those parta of f, ahic 
respectively cubic and quadratic in the light se 

hich are 
sector 

Further, au«. i s * w 
the gravitino mass, being scaled frcat i t by a factor 
exp[ic2«j(i,E*) - Z *H2N>J; thua n_,_ equals the 
gravitino maoa exactly when the Kanier metric i s f l a t . 
A and B are complex coe f f i c i ents 7 of order unity which 
are given by complicated formulas involving the Kihler 
potential , the hidden sector superpotential, their 
derivatives e tc . evaluated at the minimus of the 
potential ( e . g . in the case of a f lat Kjfhler metric A 
• K2tD3}2 £ < z ** <F("h) > and B - 1 ) . Finally, Ha — 
the Majorsna masses of the gaugino f ie lds X a ~ are 
the eigenvalues of the matrix 2 <3Refai>/3sn><F{En)>. 
It i s reasonable to assuue the equality of the 3,2,1 
gaugino masses at che GUT scale f!j 2 3 • H. This 
follows if we seriously £ake the unitary symmetry of 
transformations"*7 i + Di among ehiral auperfields 
which supergravity interactions (ignoring gauge and 
Yukawa forces) respect. Then fE D must have 
the form (1+Y) 6a^, with Y being a unitary singlet 
function of z^ such as MTJ &IH& zW^z^. Allowing for 
the spontaneous breakdown of thia unitary symmetry in 
the hidden sector, we then have H\ 2 3 " Z <3ReY/3zh> 
<F(z n)^. If Y is of the order of M/Hpo,? 3 , then M-
OCm 3 / 2). 

We now have the Higga potential of (2) but with 
Si ,2 a n d u l 2 3 evaluated at MguT* While evolving 
downwards in masa-sea l e , Si = ( g i / 4 r ) 2 and U£2 become 
functions of t • In Mgot/Q* where Q i s the runnng scale 
so that the evolution from HgijT to My is really from t 
= 0 to t - 67. Thus 

tlJ(O) - M * £ 0 ) - m ^ / 2 • V* 

2 
^3 ' 2 u B m 3 y 2 , 

5,(0) 

(16a) 

(16c) 

where (16a,b) follow from (1) and (15)* Similarly*, the 
ful l scalar potential for the aquark (Q)-slepton (l>) 
sector may be obtained from (I) and (IS) with quadra
t i c , cubic and quartic parts in these f i e ld s . For us 
i t suffices to display only the f irs t two parts: 

*zu • i I*I2 * 4 I^I 2 

• 4 I^I 2 *»£ I ^ I 2 . 4 I^I 2 , 

V3U • °3/2 ( V # V V B ^ 

(17) 

l a (17) , • £ , A, and Jk, (E Im JT^i art faaceiMM of t 
and the la t ter two can ba choeaB to b* raal and aoai-
t iv* by aaaroariattfly radafiBiaf ahaaea aad itaoriac 
<7~violat£oa. Farther, (15) vi«l«a tha bouna'ary 
condition* 

A^O) - AjCO) - AjCO) - A. Uft) 

I t has been shown0 that A must be in the range 0 _< A £ 
3 for the charge and color invariance of the vacuum to* 
be preserved, i . e . for A outside thia range aome aquark 
or charged aealer develops a nonzero VEV. 

Th« relevant 3-2-1 rtnoxmalizable group (KG) 
equations 9 are coupled nonlinear matrix differential 
equations that are not analytical ly integrable in the 
most general case. The ayatem can be solved numeri
cal ly but then much of the phyaica underlying the final 
resul t becomes obscure. I t i s therefore attractive to 
make the following reasonable approximations that make 
these aquations analytically tractable. 1) With h} £ 
comparable in magnitude, a l l Y's scale according to the 
femion (mass) 2 so that only Yj can be retained in the 
R.G eqns. 2) We can drop \i from the equations although 
keeping 113. Arguments have been given* about the 
expected maallneaa of 11 because of radiative origin 
while B could be quite large. Our conclusions should 
be insensit ive to the value of \t unless i t i s large; 
but a large u i* unacceptable since, that w i l l impede 
SD(2)xU(I) braking. 3) The terna^M? and a2H^ 
are neglected in comparison with crjM .̂ If the tree-
level gaugino masses are a l l equal at HG0T, t - n e n — 
since they scale like the a ' s — for any significant 
value of t r the third term wi l l tota l ly dominate' over 
the f i r s t two. These approxiations enable us to write 
the following analytic relations (N.B. now we have in 
cluded three generations of quarks and leptons): 

a ( t ) M ft ) . . 

a a (0) « 

-3 , ( 1 9 a ) 

|i2(t> - M2<0) - i 4 / 2 " M| (0 ) . (I '") 

U 2(t) - „*((» (1 • J I J ) (1 

Y T ( t ) - Y r (0)E(t)( l • 6F(C)VT(0)) 

1/22 

(19c) 

(19d) 

Here E(t) - U*t /32u> 1 6 ' ' 9 ( l - t / » ) - J ( l + l l t / 1 6 0 n ) 1 3 " 9 

and F(t) - f dt' E(t ' ) so that E(67) = 14.5 and F(67) 
= 290. However, the ug1 equation cannot be integrated 
and Jl§(t) extracted unless M3 is put equal to Bero. 
We can nonetheless exploit the sign of Che gluino mass 
term and derive even for a nonnegligible gluino mass 
the inequality 

2Ctl < ( W | ( t ) ) „ • 3 « 4 / 2 t - l / 3 

* ( l « F ( t ) V T ( 0 ) ) " 2 [ l t 6 F ( t ) Y T ( 0 ) ( l - l / 3 A 2 ) } ) . (20) 
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3 . Fouada 

(19) and (20) c le ir fy the. connection between the 
strength of the top Yukawa coupling T T (0) — related 
via (19d) to T T(67) and the top Haas .L. • 4 l b 2 At?**) 
~ and the existence of tighter bounds on the Higgs 
•a s se s . Since Eft) and F(t) are aonotonically 
increasing functions of t , a large YT(0> makes \% 
decrease signif icantly as t goes froat zero to 67 and 
Makes iig(67) end up being negative. In th is s i tua
tion the shaded region of toe figure in the abstract 
shrinks to v irtual ly nothing and, with the s t a b i l i t y 
line having shifted towarda the origin, the cross ends 
up being to the left of the u? ax i s . The square root 
of (7) cannot be taken in th is case so that there is no 
upper bound on % tighter than M». In pract ice , this 
occurs for m^ somewhat larger thin 60 GeV. However, 
for s lover value of m% — aa suggested by the current 
UA1 experiment — a tota l ly different s ituation ob
ta ins . Nov uj does not 'Change much with t , the 
numerator and denominator in <19e) nearly balancing 
each other. \£ decreases aa t goes fro* zero to 67 
but not a lo t ; i t in barely able to carry i t s e l f across 
the hyperbola into the shaded region — the thin end of 
the wedgef 

Part of (4) can be rewritten as 1 • 8 Gy (/Z)'1 

p(6) hg with p{5) - U + 6)<1 + 8 + 6 2 / 2 ) - l and h 2 can 
be eliminated by introducing Yj(Q) and a?. Ve then 
have 

<r ( i *je*2 {- j. , 2 . . * - 1 n40Y T(0)(2.3xlO*(l+6rn*.>+6-V2) 

' • W t o n ' V 2 - 1 ) - ! . 
Now ( I I ) , (19b), (20) an* (21) together inply 

o h(6,A) 
1+4 ( l -h(o ,A)) : 

< 1. 

h(«,A) = f3/2 [\*o-trmpta] 

-' . w , i i / 2 { l+p<«>P - 1/2) 

(21) 

(22.) 

(22b) 

Eqs. (22) impose a kind of bootstrap condition on 6 as 
follows. Tar any A in the range 0 < A < 3 , there 
exists .^ upper bound o^x^A) on 6 s"uch"~that, i f 6 ex
ceeds OaaX(A), the inequality (22a) gets violated. 
Ihia Omax (A) i s a nonotonieally increasing function 3f 
A so that O B - B O ) i s an absolute upper bound on 6 — 
leading via (10) to the upper bound 

«b<«2 £ H 1 + W 3 ) *i/2 0 3 ) ,-U2 (23) 

The values of 6"niaj[(A) and correspondingly of 
^^K^^nyut n * v e D e c n displayed agcin-»t various values 
of A inTfie tenge 0-3 in the following table for a 
characteristic m_ of 60 GeV. The lower entry in the 
right most column varies from 0.09 to 0,41 aa n>j goes 
from 'J GeV to 55 GeV. Thus, taking au < 55 GeV, tie 
find that HL < 38.3 GeV which is quite a b i t 

0.1 1.0 1.5 2.0 2.5 3.0 

< ED / Mz'majt - 0 5 9 • 0 7 8 , I 0 ° * 1 3 3 ' L 7 S * 2 2 6 

Use than 1/2 1%. The remarkable thing about thia re- ' 
suit ia that i t i« independent of the precise values of 
•3 /2 and A. Thar* are additional results depending on 
their values. • •* - - g / z * »4 < wj < 2 . J / 2 + t% 
and » 4 / 2 < •£ < 2*5/2- *** lower bound on • can be 
moved up above Mg in ma »3/2-dapendent but A*indepen-
dent way while aome regions in the «jj, *£ plot can 
be excluded in an *3 ̂ -independent but A-dependent way. 
The detai ls are to be found in Ref. 5. An H* with a 
mass < 38.3 CeV should certainly be discoverable in the 
Bjorken process Z * 8yu and also probably in the 
Wilczek proceaa toponium •*• By both at SLC and LEP. A 
definite negative reault on i t s existence would rule 
out this entire elaa o£ theories . 
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THE PRODUCTION AND DECAY OF HEAVY GAUGE BOSONS IN PP AND pp COLLISIONS 
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Summary 

We have studied the prospects for producing and 
detecting massive (e.g. 1 TeV) new gauge bosons at pp 
and pp colliders, including charged W bosons with right-
handed couplings and several types of neutral bosons. 
We especially emphasize that forward-backward asyome-
trles of decay leptons, which can occur in both pp and 
PP collisions, may be a very useful probe of the gauge 
boson couplings. 

Conclusions 

Let us start by giving our major conclusions. 
Further details may be found in ref. 1-3. 
(a) At a Sa = 40 TeV pp collider with an integral lu
minosity L of 10^cm~* it should be possible to detect 
a right-handed charged W R by its leptonlc decays if 
ML- 5 8 TeV. We assume that detection of a W R is 
possible if there are at least 10 events each of 
pp -+ Wp+^e+N and pp •+ W R

+ •* y +N. 
(v) Under similar assumptions the Zy (the additional 
neutral boson in S O ^ Q ) can be detected by Its e +e~ or 
JJ+M~ decays if M z < 6 TeV. 
(c) For the purposes considered here a pp collider 

L. Rosner 
Chicago, Illinois 60637 

2 
sin 6 W ) . We allow My to be arbitrary, although plausi
ble arguments based on the Kj-Kg mass difference 
strongly suggest Hy > (1-2) TeV (or > 5 TeV if QCD cor-

- rections are included).^ 

An important possible neutral boson is the Z,. 
SU^ x Ui or under more general 

rpos< 
-2 i 

FB (y) 'Lw«*>0 "Wz*<o]/ (i) 

where z is the cosine of the lepton angle with respect 
to the beam direction in the gauge boson rest frame and 
y is the gauge boson rapidity. 
(e) For M B < 1-5 TeV global asymmetry variables are 
useful. For pp a promising variable Is <EJJ_>/<En+>, 
where <Ep > are the average lepton energies in 
W* 1- £ ±X or z' * 1*1'. + 

(f) The secondary decays N •* e" + X, where N (the_SU_R 

partner of e R~) is produced in Wj^-^e-^jJ'or Z y -*• NN, 
may occur essentially instantaneously, a finite dis
tance fiom the production vertex, or even outside the 
detector (depending on the model). Observation of such 
decays could be very useful both for reconstructing the 
W R and for determining the nature (eg. Majorana or 
D'rac) of the N (see ref. 1). 
(g) Lepton sign Identification is extremely important. 

which occurs 
cir v.ums tanc eS 

with L » l(P ucm~ z is slightly better than a pp collider 
with the same energy anil L * lO^cm . 
(d) For a boson mass M f i < 1 TeV a useful diagnostic 
signature for both pp and pp collisions is the forward-
backward asymmetry of the emitted lepton:, 

V&S normalized X charge is 
x " ^ [ S I » * 3 ( I s i - Q ) 3 • 

so that Zy couples with strength 
(2) 

t o d!' el (5 of SU,) 
2/SS 

- ^ - g to d. . u., u. , e+ (10 of SU ) (3 2.T0 X L L L L 5 

- ^ - By '" 5. <1 of SU,) . 
2^10 X L 5 

We see that the Zy couplings to d and e~ are mainly 
V + A and V - A, respectively, while the couplings to 
u are purely axial and relatively weak. We assume 

«X which will occur if U, IX 
U v split off from an underlying grand unified group at 
tne same scale. 

Another interesting neutral boson is the Z^, which 
occurs in E, + S0, Q x U.^. The couplings of Z to all 
of the ordinary ferrolons j_( u>u,d,d,e » u

e » N e ) , and 
the 

heavy 
f anions (which occur in the 10 and 1 of S0^ Q). Hence, 
the cou^1ings to ordinary fermions are purely axial. 
We assume g... 

— ^ — it 

higher families, which occur in the 16 of SO-./] are 
same (gtiJ/»''24), with larger couplings to exotic heav; 

• £ • • • 
We neglect any mixing between the W" and W. or 

between the Z-, or Z^ and the Z. It can be shown 2 under 
quite general conditions that such mixings are negli
gible for heavy (M > 1 TeV) bosons because of the suc
cess of the SUo x Un predictions for M„ and M 2. 

Other neutral bosons are discusssed in ref. 1. 

Typical Rosons 
An important candidate for an additional charged 

boson is the W,,1 of SU?* x S^2R x u l models which cou
ples to the right-handed doublets (u d ) ^ and (N e ~ ) R . 
The new neutrino N e may be Dirac or Majorana, but we 
usually assume that it is lighter than the W R. We as
sume g R = g, where g, and g R are the SU„ L and SU2 R 

gauge couplings (for example, g R2<l.l g 2 for 
M W R < 1 TeV if S U 2 L x S U 2 R x U y is embedded in S 0 1 Q , 
although that nodel gives an unacceptable value for 

We assume the Drell-Yan cross section 
4TT 2 

3MJ V2 if3 

for the production of a heavy gauge boson of mass M and 
rapidity y in an AB collision at energy ./s. Here 
x x » - — c +y , x 2 « ̂  e" y, f ±

A(x 1) is the distribu
tion function for quark or antiquark 1 in hadron A, and 
T is the partial width of the boson into q.q. or q.q.. 
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We use the Q dependent structure functions of Elchtea, 
> et al, 6 based on CDH5 data and numerically extrapolated 
to large Q 2 using the Altarelli-Parisi equations with 
A - 0.29 GeV. 

Total production cross sections and rapidity dis
tributions for varioua bosons as a function of M and /& 
are given in ref. 1 and 6, Here we limit ourftlvgt to 
Table 1, in which la shown the maximum mass of W^*» \t£f 

and Zy attainable at specific cross section levels. For 
example, for M R+ - 8.6 TeV and Va » 40 TeV, one haa 
Bo - 10~ 3 9cm 2 for pp (B is the branching ratio into 
e + v e ) . Hence, one expects 10 events each of Wp+-»-e+Ve 

and p+v M if L - 10* 0cnT 2. 

JS PP PP 
(TeV) Bo - 10 cm 10 -38^2 10 - 3 8 c 2 10 -37 2 

en 
« R

+ 1 0 3.2 2.3 2.9 1.9 

20 5.3 3.8 4.4 2.7 

40 8.6 5.8 6.5 3.7 

V 1 0 2.7 2.0 same 

20 4.5 3.1 as 

40 7.3 4.8 H + 

R 

\ 1 0 2.2 1.5 1.9 1.1 

20 3.5 2.3 2.8 1.5 

40 5.6 3.3 3.8 2.0 

Table 1. Maximum W^" and Zv masses In TeV/c attain
able at specific cross -action levels. B 1^ (- t^ e l e p ~ 
tonic branching ratio into Wj^-^e*^' (or JJ±1JJ ) 

+ + - e u 

or Z x - e Te" (OT U M ) . 

Signatures 

Assuming that a heavy boson has been observed 
one would like to extract as much information as pos
sible about its couplings. Total rates and branching 
ratios will probably be very difficult (we are assum
ing that heavy bosons can only be identified by their 
leptonic decay modes). More promising are the decays 
into heavy neutral leptons (N) or exotic fermions (see 
ref. 1), 

Here we consider the characteristic forward-
backward asymmetries of the emitted leptons in the 
boson rest frame. (Recall that such asymmetries were 
useful in establishing the spin and |V| • |A| nature 

• of the W boson). 

In the ^.q, center of mass, the differential 
cross section for q iq^ •* l^l* is proportional to 

2 T 2 ^ D 2 D 2. a q \ + R RA ) u + * ) 

+ ( L / R / + R 2 V > ( i - **> 2 2 
"q H " "q ui 

the quark and leptoo coupling*. In practice, oste Bust 
Multiply th is expression, by th« appropriate par too d i s 
tributions and aum over partoo t y p o . For pp-*-tfT R + X, 
with » L R "*" , + v W i f o r «***Pl«» one h»» ' : 

3 D(x 1 )«(x 2 ) - 0 (^)5(1^) 
A™(y) - T — -
™ * D ^ W X j ) + U(x 1 )D(x 2 ) (6) 

e that V + A lead to the aaae asymmetry). Although (noti _ 
this vanishes at y " 0 (for pp). A] 'FB • - 4 * o r l»rge y-
This Is because x1 » x 2 for large y, so that the scat
tering is mainly from a valence quark (sea antiquaik) 
In the first (3econd) proton* 

Aj™ is shown for the ordinary Z and the Z^ in 
Figures (1) and (2), respectively, for both pp and pp. 
(The asymmetries vanish for 2̂ , which has purely axial 
couplings). Notice that the pp asymmetries quickly ap
proach those for pp for y > 0. Also note that the 
asymmetries become smaller for smaller M or larger Js 
(for which sea - Bea collisions are more important). 
In particular, the Z° asymmetries are positive for 
y > 0 but very small (because the electron coupling be
comes purely axial for sin 8y • k)t while the Z_ asym
metries are negative and larger. 

Clearly, A™(y) would be a good diagnostic tool 
if adequate statistics are available to determine it. 
G. Gollin has estimated that the Zy asymmetries could 
be reliably determined at a 40 TeV Collider if 
H, O TeV. 
h. 

For larger masses, one -.oust resort to some sort 
of y average to get enough events. For pp a useful 
variable would be the overall forward-backward asymme
try 

. " / *[WAO • * ) . •> (7) 

-0.1 
4 0 / 10/ 2' /0.54 

- / / ,'/<PP» 
> _ - • • > • _ ' • « . 

-6 -4 
(5) 

where L and R are the couplings of M to the left and 
right-hancsd quarks, respectively, and similarly for 
L^ and RJJ. Clearly, a measurement of the forward-back
ward asymmetry can yield useful information concerning 

Figure 1. Apg of % va. y 
pp (solid lines)+2° •* CZ , 
total c m . energy in TeV. 

in pp (dashed line) and 
Curves are labeled by 
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>z, 
Figure 2. A^ vs, y„ for M_ " 1 TeV/c "KB D f 4 " ' 'Z ; 

y_ . (Other labels as in Figure 1) 
Z X 

For pp useful variables would be the average lepton 
energies <E _> and <E + > . For Z' * £+Jl~ any difference 

is due entirely to the FB asymmetries. For a compari
son of W n

+ •+ l + vs. W n~ -*- ST. part of the difference is 
R K + 

due to different y distributions for W R - f but most of 
it is from the asymmetries. Predicted average energies 
for Wp* ana Z y decays are shown in Figure 3. We have 
estimated that adequate statistics should be available 
to derive useful information from the global variables 
if the boson masses do not exceed (1-5) TeV. 

0 • i r- r > 
V ? =40 TeV ^ O 

> 2 . (b) '<^1>-
H= <y^^>-' *•"»» ^*(pp)<^- ' 

n 
V(pp)'^ 

i i i 

0 
M 7 (TeV/c2) 

Figure 3b. Comparison of average lepton energies 
at i/s" - 40 TeV in pp collisions (solid lines) and pp 
collisions (£ +: dashed lines; Jt~; dotted lines) for 
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COMPOSITE H1GCS BOSOMS 

Howard. «. Gtorgi 
Lyaan Laboratory of Physics 

Harvard University 
Cambridge, HA 02138 

I discuss the possibility that the Higga boson may 
exist but tie a bound state. This possibility Is in
termediate between technicolor models and models with 
a fundamental Higga and it leads to a rich and in
teresting phenomenology at SSC energies. 

1 want to discuss the idea that the Higgs meson 
of the SU{2) xU(l) model may exist but be a composite 
jtate of strongly interacting fermions. Often, when 
physicists hear this idea for the fixst time their 
reaction is "Oh, you mean TECHNICOLOR." Well, I don't 
mean technicolor. What's more, 1 "believe that this 
reaction is the result of a widespread muddling of the 
issues involved in SU(2) xU(l) symmetry breaking. Hy 
first goal will be to explain as carefully as I can 
what I think is going on. Then I will try to convince 
you that the composite Higgs idea is very rich and 
interesting and deserves some attention. 

Part of the problem that I have in explaining the 
composite Higgs (CH) idea is that Peter Kiggs' name 
has come to be associated with two completely differ
ent things: the Higgs mechanism; aud the Higgs boson. 
The Higgs mechanism is the process in which a sponta
neously broken gauge symmetry trades Coldstone bosons 
for gauge boson masses. This process Is common to the 
simplest SU(2) xU(l) model and the most complicated 
technicolor models. It involves the Goldstone bosons 
and the gauge bosons and their interactions and noth
ing else. The Higgs mechanism depends on the fact 
that gauge (and sometimes global) symmetries have been 
spontaneously broken, producing Goldstone bosons with 
the appropriate properties, but it does not depend on 
any details of the symmetry breaking mechanism. The 
Higgs boson in the SU(2) xU(l) model, on the other 
hand, is a remnant of the symmetry breaking mechanism. 
It is there precisely when the SU(2)xU<I) symmetry is 
broker by the vacuum expectation value (VEV) of an 
SU(2) doublet scalar field, the Higgs doublet. The 
Higgs boson is the non-Goldstone part of the Higgs 
doublet. 

Unitarity requires that some remnants of the 
spontaneous symmetry breaking mechanism appear at 
energies of a few TeV ox less. But it does not tell 
us exactly where they will appear, or exactly what the 
remnanta are. When the symmetry breaking mechanism 
involves other scalar multiplets than the doublet. 

the remnants of the symmetry breaking are more compli
cated than the, single Higga boson *nd should not be 
called by the same name (although they usually are!) 
When the symmetry breaking mechanism Is dynamical, in 
a technicolor model, the remnants are not bosons at 
all, but Instead are the techniquarks, with dynamical 
masses which violate the symmetry. If the technicolor 
is confining, these are bound into technihadronB> some 
of which may be scalars, but none of them is the Higgs 
boson. There is absolutely no sense in which any of 
them vere ever part of an SU(2) xU(l) doublet with the 
Goldstone bosons. Indeed, there is no readon that I 
know of why there must be any massive scalar bound 
states at all. One can imagine, for example, a non
confining technicolor Interaction which breaks the 
chiral symmetry and binds the Goldstone bosons but 
does not produce any other bound state;-

I hope that I have convinced you that the Higgs 
boson is an obieet with very definite pro-perMes a-nd 
that It may or may not exist, depending on the struc
ture of the SU(2) x U U ) symmetry breaking interactions. 
If so, we can proceed to discuss what I call the com
posite Higge idea. What would it mean for the Higgs 
boson to exist, but be composite? Simply that in high 
energy scattering experiments we should see an object 
with the properties we would expect for the Higgs 
boson. In particular, at energies large compared to 
its mass and the gauge boson masses, it should behave 
like part of an SU(2)xU(l) doublet with the longi
tudinal polarization states of the heavy gauge bosons, 
which (at these high energies) are the Goldstone 
bosons in disguise. This implies, for example, that 
it has all the usual couplings to quarks and leptons. 
But at some even higher energy scale A, this Higgs 
boson must reveal itself as a bound state of strongly 
interacting particles, with th» usual properties 
expected of a bound state, such as form factor effects 
and other nonrenorraalizable interactions, strong 
lnteractions, etc. 

Of course, if the Higgs boson is composite and it 
is in an SU(2) xU(l) multiplet with the Goldstone 
bosons, then the Goldstone bosons must be composite as 
well. Thus the heavy gauge bosons will exhibit strong 
interaction properties (at least for their longitudinal 
parts) at the same taergy scale, A. Let us call the 
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putative strong interaction which binds the Higga and 
the Goldstone bosons ULTRACOLOR* to distinguish It 
from technicolor. This scenario is Intermediate, In a 
sense* between the fundamental Higge model and techni
color. The ultracolor d>oamics does not directly 
break SU(2) xU(l), but it does bind the Higgfl doublet 
whose VEV breaks the symmetry at a smaller scale. 
Thus this mechanism should perhaps be investigated 
simply because it represents another possibility. We 
might also expect that if the confinement scale is 
large, a model of this kind will have some of the 
advantages of a technicolor model without such severe 
flavor changing neutral current problems. But, as we 
will se", there are even better reasons to study com
posite Higgs models. When implemented in the most 
natural way, the idea is both rich and predictive. 

If we said only that the Higgs was composite at 
some large scale A,, it would not gain us much Informa
tion. Nor would it be very plausible. In general, we 
would expect the ultracolor confining interactions to 
produce bound states with mass of order A, while our 
Higgs is by assumption much lighter. To go further, we 
must explain why the Higgs mass nt, is much smaller than 
A. We know of two principles which can keep spinless 
bosons light: supersymmetry and the Goldstone mecha
nism. I am alergic to supersymmetry, so 1 will discuss 
only the Goldstone mechaniym. 

It is obvious that the Higgs boson cannot be a 
Goldgtone boson. True Goldstone bosons have only de
rivative interactions. They cannot have gauge interac
tions nor can they have a potential which leads to a 
VEV. Thus they are useless for our purposes. But the 
Higgs could be a pseudo-Goldstone boson in the follow
ing sense. It could be that the ultracolor interac
tions have, in the absence of any other interactions, s 
set of spontaneously broken global symmetries which 
would make the Higgs a Goldstone boson, but that these 
global symmetries (GS) are broken by the SU(2) xU(l) 
gauge interactions and other interactions weaker thsn 
ultracolor. These weaker interactions could then, 
perhaps, generate the SU(2) xU(l) breaking VEV for the 
composite Higgs field. Specifically, I will assume 
that ultracolor is an unbroken gauge dynamics, like 
QCD, that the particles which feel the ultracolor 
interaction are f«*rmions, and that the spontaneously 
broken global symmetries are chiral. We know from our 
experience with QCD that composite pseudo-Goldstone 
bosons can actually be produced in this situation. The 
weaker interactions can be of three kinds: ultra-
fermlon masses; nonrenorealizable interactions result
ing from unspecified physics above the scale A which I 

will call extended ultracolor (EDO; and gauge Interac
tions such as SU(2> xU(l). 

The first prerequisite for a composite Higgs model 
is thus an ultiacolor dynamics which need not break 
SU(2) xU(l) but which can produce pseudo-GoIdstone 
bosons which transform like an SU(2) xU(l) doublet. A 
simple example of such a model is based on an analogy 
with QCD. Suppose that there are three Dirac ulrra-
fertaions which transform under a complex representation 
of the ulttacolor gauge group. TheBe ultrafermions are 
like the three light quarks in QCD. The composite 
pseudo-Goldstone bosons in QCD include the K meson, an 
isospin doublet with charges 1 and 0. Thus if we treat 
weak SO (2) in our ultracolor model just like isospin in 
QCD, and weak U(l) like hypercharge (appropriately 
normalized), the analog of the K meson will be a good 
candidate for the Higgs doublet. In this model, 
therefore, our three Dirac ultrafermions transform as 
a doublet plus a singlet under SU(2) xU(l). 

For example, if we have a strong SU(N) gauge 
group and consider ultrafermions transforming under 

(U,2) 

f (N,l) 
U) 

theory possesses an approximate SU(3) x SU(3) symmetry 
which is spontaneously broken to SU(3) by the ultra-
fermion condensate at the scale A. Note that the 
U(l) breaks at this scale. 

A 
The pseudo-Goldstone bosons (PGB's) that appear 

are an SU(2) triplet, a complex SU(Z) doublet, and an 
SU(2) singlet—the ultrapions, -kaons, and -eta 
respec'ively. (When extra particles are added to 
render the U(l). anomaly free and it is gauged, then 
the ultraeta will be eaten.) Note that the ultrakaons 
have the right quantum numbers to be the Higgs doublet. 
In the composite Higgs scenario the ultrafermion con
densate is misaligned slightly with the SU(2) xU(l) 
preserving direction, which is equivalent to giving 
the Higgs a VEV v « A. 

We can conveniently describe the Higgs potential 
in terms of a nonlinear sigma model. Let I = 

expt2in (x)T a/f], where the TTH are the PGB fields and 
the T are the SU(3) generators. The parameter f is 
analogous to f = 9 3 MeV in QCD, but here is of order 
A. The VEV of t is then the orientation of the con
densate, in the basis we have chosen, in particular 
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* <Z> - I is SU(2) xU(l) preserving. 
The alignment problem reduces to minimizing V(I). 

Since we do not have bare ultrafermion Masses* V(E) 
will not contain any pieces transforming under the 
global SU(3)xSU(3) aynmetry like (3,3). The leading 
contribution to V(£) in coupling constants squared and 

2 2 powers of A /A 

gauge the I'd)., after cancelling its anomalies with 
spectators. When we do this* c. la forced to be 
strictly zero* and the ultra eta la eaten by the 
U(l) gauge boson at the A c scale. Hore importantly* 
the U(l). Interactions give a positive contribution to 
c.» and can cause the vacuum to misalign. It is now 

will transform under StfO) xSu(3) as simple to write down the Biggs potential 
an (8,8). Thus the most general form for V(Z) con
sistent with SU(2) xU(l) is* to leading order: 

V ( r > - c 1 f 4 T r E T 8 r + T 8 + c 2 f 4 £ Tr I T ^ 

(2) 

tf{g ) from SU(2) xU(l) 

+ c_f" t TrET 2'T 3 u . a a a-1 
c and c, get contributions of 
interactions, while c_ must be due to nonrenormallzable 

2 2 interactions and be of 6>{h M _ . _ ) . The c ? term Is the 
sole piece in V(E) to give the ultraeta a mass, and 
must vanish if U(l), is a good symmetry. 

The Yukawa couplings which give rise to quark and 
lepton masses must be generated by the EUC interac-

2 2 tions and are 0{h (t\ _ ) , The fact that the quarks 
and leptons we know are much lighter than the W gug-

2 2 gests that A M < < : g- Thus it is arguable that c 
and c. are primarily due to SU(2) xU(l) interactions, 

aee they can be calculated in terms of the 
mass difference in QCD due to electromagnetic 

in which 
+ 0 
interactions, and that c. is much smaller or zero. To 
see what this means for the self interaction of the 
K —i.e., the Higgs boson—we write 

0 0 0 1 0 0 

I = 2i exp — 0 0 K°/2 

0 K°/2 0 

« 0 c i s 

0 i s c 
(3) 

where c = COB K /f, s = s in K /f. Then the term . in 
»(£) of £q- (2) become 

I I r I r a r + T a - i ccs2 K f l/f + cos K 0/f 

7 , , 
1 Tr I T J r " cos K„/f + Cos H„/f 

a-4 a <* ° ° 

( 4 ) 

Tr I V + T 8 " 7 C ° S K 0 f. 

We see that SU(2) xU(l) gauge interactions cannot 
account for the whole Higgs potential—for c- and c 
will have the same sign (negative (5]) and c„ will be 
negligible. V(Z) is then minimized by the SU<2) xU(l) 
preserving vacuum with cos K /£ * 1. 

Thus we follow the route taken in ref. 13J and 

^7?( c' (5) "^ ' 2 coe 
(where v - H^ 2sln9/e b 250 GeV) where we used the 
fact that the linear coa Kft/f term comes solely from 
the c, piece of V(Z), as seen In (4). We may now 
compute the Higgs mass: 
n^o --(c 3f 2 sin2v/f)/cos v/f --c 3v 2[i + l/6(v/f ) 2 - . . . ] -

(6) + 0 We can relate c, to the IT -IT mass splitting, 
which is primarily due to one photon exchange. This 
process is accounted for in the QCD chiral Lagrangian 
by the term 

SC* ••• + T om 2£ 2TrEQi: +q <7> 

where Am is the observed Tr -TT mass difference to 
within about 5% (TT -n mixing and long distance effects 
are primarily responsible for this discrepancy.) Com
paring this expression with Eq. (2) we may determine 
c, to be 

(A) 

where the factor (3/N) comes from large N arguments. 
Using this result in Eq. (6) then gives us an expres
sion for tiie Higgs mass: 

2Tra.f ' V 3 / N i N - 3. (9) 

A crucial ingredient which went into the above 
calculation was the gauging of U(l) . In order for 
this to work, ordinary leptons and quarks must carry 
U{1) charges which allow them to couple to the ultra-
kaon doublet. Furthermore, any additional spectators 
needed to cancel the U(l), anomalies must be real 

A 
under SU(2) xU(l) and have U(l) charges which allow 
them to couple to the large SU(2) xU(l) preserving 
condensate, so that they acquire heavy masses, of 

3 2 order A M_.,,. (If the anomalies were canceled by 
particles which transform under SU(N) , this would 
introduce an additional global L'{1) and a corre
sponding light SU(2) xU(l) singlet PGB). These addi
tional fermions and the new U(l) interactions of 
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ordinary matter may be of experimental interest, 
depending on the model dependent ratios M^/A and 
A / J W 

There is no reason, in principle, why A cannot 
be very large. On the other hand, as A becomes much 
larger than the SU<2)xU(l) breaking scale v, the 
composite Higgs idea becomes lesB attractive fox two 
reasons. The first Is theoretical. The parameters 
of the GS breaking interactions must be tuned to an 2 2 accur-cy of -v /A . The second is practical. If A 
is too large, the differences between CH and FH mod
els become very difficult to see at accessible 
energies. Thus the mast attractive version of a CH 
model is one in which A is not much larger than v. 
We want to raise A as little as possible, consistent 
with FCNC constraints. If the EUC interactions are 
well chosen (as in the ETC models of ref. [7]), 
these constraints may not be very severe. 

There is, however, another strong constraint on A 
in CH models like the model of references [3,6]. The 
trouble with this model is that it does not have a 
Cuscodial SU(2) symmetry. A custodial SU(2) symmetry 
is an approximate global symmetry (broken by the U(l) 
gauge Interactions) which enforces the relation 

where M ^ T ) , X V(T fM) and Y* <T** a n d R ) are the SU(2), 

M 2 . V M; (10) 

It is the existence of such a symmetry which ensures, 
in appropriately constructed TC models, that the SU(2)x 
U(l) breaking has the right form to agree with experi
ment. 

A 1C model without an '>U(2/. symmetry is presum
ably just wrong, for although we io not know how to 
calculate the corrections to (10) in such theories, 
there is no reason to believe that they will b«i small. 
But in CH theories, the 511 (2) symmetry is not obvi
ously necessary. When A >> v, the theory is essen
tially a theory with an almost fundamental Higgs dou
blet, so (10) will be very nearly satisfied. But when 
A gets close to v, the compositeness effects will get 
more important and we may expect significant correc
tions to (10). 

In the SU(N) model, in lowest order in chlral 
perturbation theory, the gauge boson masses come from 
the kinetic term 

derivative, 

tr(DMED E ) 

n^Z = 3 M £ + i g 2 [T-w l J , r ] 

(11) 

(12) 

From (3), (11), and (12) we can read off the 
lowest order contributions to the weak gauge boson 

M2. cos 28 -

2 ' 

4--

AV 
(13) 

+» k 'v"'» + V*^ # 

(We have ignored Z-Y mixing—it will be absent if the 
coupling is pure axial, T^--T*. 1 0 The second term in 
My us clearly a correction to (10). It behaves like a 
VEV of a real SU(2) triplet Higgs multiplet, although 
here it arises from the nonrenormalizable terms in (*i) 
required by the chiral symmetry. There will also be 
contributions from nonleading terms in chiral perturba
tion theory, but we expect these to be suppressed 
compared to (13). Thus for small s, we can replace 
(10) with 

M^ = M 2 cos 29(i- v
2Mf 2). a*) 

If we require that the p parameter in neutrino interac
tion be 1 ±.01, we must have 

f > 5v. (15) 
It is not obvious that the constraint (15) is 

serious (since FCNC's must be suppressed anyway) but 
it is at least interesting to ask whether there are 
composite Higgs models which have an SU(2) symmetry, 
and in which, therefore, the corrections to (10) are 
small. In fact, in ref. [2], we discussed such a model 
in which the ultraquarks transformed as 2N's of 
Sp(2N), one SU(2) doublet and two singlets. In this 
most economical model, the GS is SU(a) which is 
spontaneously broken down to Sp(4), leaving 5 PCB's, 
the t* real components of the CH and a neutral singlet. 
Here there is an approximate global SU(2) symmetry 
under which the two SU(2) singlet fields have a dou
blet. The Higgs transforms under SU(2) xSU(2) as a 
(2,2). The Higgs VEV breaks the symmetry down to the 
SU(2) generated by the diagonal sum of weak SU(2) and 
SU(2) generators. Thus (1) is satisfied in lowest 
ordt;,- in chiral perturbation theory, and corrections 
are of order a. 

Unfortunately, in this model, the mechanism of 
refs. [3,6) for stabilizing the SU(2) invariant vacuun 
with the SU(2) gauge interactions does not work. An 
uitrafermion mass term is needed in order for the 
SU(2) breaking to be small compared to the UC confine
ment scale. 

The SU(N) model of refs. [3,o] e:.d the Sp(2.;> 
model of ref. [2] are the simplest CH models in which 
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the ultrafermion transform according to coaplax and 
pseudoreal representations respectively. The other 
simple possibility is to cry a real representation. 
If the ultraquarks are real under UC, the GS breaking 
condensate la syoanetrlc In flavor. This Implies that 
there must be two SU{2) doublet pairs of ultrafernions 
In order to allow an SU(2) preserving condensate. To 
produce a composite Higgs, we need a singlet as well. 
Thus the simplest such model, there are five ultra-
fermions, two doublets and one singlet. For simplicity 

Q 
we will assume that there are N's under an UC SO(N). 

We organize the LH uq fields Into a five component 
column vector, 

(16) 

where ip are the SU<2) doublets. The GAS is SU(5> 
J J* 

which is spontaneously broken down to an S0(5), pro
ducing 14 PGBs. It is convenient to describe the GS 
generators in a hybrid rotation in which matrices 
which act on only the first faur components of ¥ are 
written as tensor products of two sets of Paul! 
matrices, o, which acts on the tj/'s and T which acta 
on the subsciipts. Thus the SU(2) generators are 
T « a/2 and the U(l) weak generacor can be taken to be 
S = - T

3
/' 2' The GS which leads to the custodial 

Sl'(2)c is SU(2) G generated by T -- T " T / 2 . If the U(l), is chosen to commute with SU(2) , it is 

I 0 
(17) 0 -4j 

where I stands for the 4x4 uni t matrix. Note that 

tr rj - 1 . 
A 

Under SU(2) xSU(2), the s field Is a. singlet and 
the v's transform as a (2,2). Indeed the di*s can be 
combined into a 2x2 matrix field 

• " W j . ^ ) (18) 

which behaves like a o-model multiplet. Under an 

I • D4.A (21) 

0 1 

because 1-1 correspond* to an SU(2) invariant vacuum. 

Z aa t ie f i e s 

.UXJIa/t 

(22) 
1 AX A , 

This define, the PGB fields IIa in terms of the SU(5) 
generators X which are broken In the SU(2) Invariant 
vacuum (the unbroken generators satisfy T • -AT A), 
and the dimensional parameter f vhich is of order A. 

We can write the PGB fields as follows 

+ 2T.5 + 

$-i0 2$, (j>,*) -h +10-71. (24) 

Evidently, (f is a Higgs doublet which transforms as a 
(2,2) under SU(2) xSU(2) . h is the neutral Higgs 
field. 0 . transforms as a (3,3) and £ is a singlet 
(eaten by the U(D,)-

The kinetic energy term for the PGB i» contained 
in the invariant 

f2 
(25) 

D ^ = 3 ^ + i g 2 ]iPl\tZ] 

+ i g l x p [ s , Z ] + i 8 A * u < V E } * 
(26) 

In addi t ion , as in the SU(N) model, SU(2), U( l ) , and 

U(Dj. 8 a u 6 e bosons produce GS breaking nonderivative 

in t e rac t ions which generate a po ten t i a l for the PGB 

f i e ld s of the form (where y i s a constant of order I) 

v(n) - -y f ^ tr(fETZ +) 

- y f ^ g j t rCS lS^ ) + f A g ^ t r ( T A I T A I + ) , 

(27) 

* • V i^V (19) 

The composite Hi-gs, which it. a bound s t a t e of ty and a 

transforms the same way. 

The breaking of the SU(5) GS down to S0(5) and 

the associated PGB'B can be described by a symmetric 

unitary matrix 

T t -1 

U -U , U1 -U x . (ZO) 

Under a SU(5) transformation V, U-*VUV . Foi con
venience, we will define a unitary matrix t by 

invariant vacuum, giving positive mass-squared to the 
2 P . and <$> while the g term does not contribute to the ab A 

p , mass, but destabilizes the invariant vacuum by 
giving a negative mass-squared term to the <?. Thus we 
expect to be able to find a range of parameters for 
which p v a r © heavy and have no VEV, while $ has a 
small negative mass-squared. For the potential to 
yield a useful CH model, it must also produce a 
positive X$ coupling so that tha $ VEV will be small. 
To see that this scenario, we can simply assume that 
h 4 0 while all other PGB fields have zero VEV. Then 
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a - sin(/2 h/f), c » cosd/2 h/f). 
The potential v(Tf) can Chen be written as 

(28) 

(29) 

»(") - j y f*g A(co B(h/f) -cosVg) + const. Q Q ) 

(31, 

If 5g A > 3g +g 

to f (and A). Thus the gauge Interactions can generate 
z.n appropriate composite Hlggs potential, just as in 
the SU(2) model. 

Here, however, the SU(2) symmetry is preserved 
From (18-23), we finfl 

*• 
2 2 

»z cos e g2* 2(l-^< Iv n)/2 

which satisfies (10) as expected. 
To calculate the Hlggs mass in the SOCN) UC 

(32) 

theory 
we need to know y in (27). Now we cannot relate this 
coefficient directly to the TT -TT mass difference be
cause the S0(N) is a different strong gauge group. I 
don't really know how to do it, but I have a guess. 
The Idea is Co consider the S0(N) as a subgroup of 
SU(N) for which we know the answer. Then the SU(N) 
condensate looks just like a special alignment of the 
S0(N) alignment. My assumption is that the extra 
generators in SU(N) which are not in S0(N) arc not 
involved in an Important way in the formation of the 
condensate. Their job is simply to align it in the 
SU(N) preserving direction. This assumption allows us 
to normalise the f constants In the S0(N) condensate 
properly foi comparison with an SU(N) theory with the 
same confinement scale. In fact, this is why we chose 
the normalization (22) of the generators in Z. 

If we now further assume that the effect of a 
weak gauge group on the condensate is the same in 
SU(N) (because the SU(N)/S0(N) gauge bosons are just 
aligning the condensate), we can calculate y. In 
S0(N), 

_ 1_ 
1 " 2 lN' (33) 

(33) 

One reason that I .'ike this guess is that identi
cal reasoning can be applied to the SU(K) subgroup of 
SU(2N) (under which the 2N transforms as N+N). It 
yields the familiar large N results* 

f„ 

- -5, (34) 

Note also that this guess can be checked In lattice 
£auge theory ^alculatioas.. M . any rate, Sox what it 
is worth, (33) gives 

5.f ] , /3/N. (35) 

Several aspects of this type of composite Higgs 
model may be interesting from the point of view of SSC 
physics. The itost obvious is that the Higgs mass is 
in an interesting range. If A » v , this Is really the 
only observable consequence. But for A not much 
larger than v, there are others. The axial U(lj gauge 
boson has nass =g.f * In fact, this gives the strongest 
coistraint on f in this model. The quarks and lepcons 
must transform nontrivially under the U(l). in order 
for the EUC interactions which produce their masses to 
be Invariant. Thus U(l) gauge boson exchange pro
duces new neutral current interactions, weaker than 

2 2 SU(2) xU(l) neutral currents by a factor of 'W /f . A 
detailed analysis of neutral current constraint leads 
to the bound 

f > 2v. (36) 

But still the T'J-)A ^auge boson could show up wi^h a 
mass of few hundred GeV, in which case it would be 
copiously produced at the SSC and might even be 
observable at the FNAL collider. 

Also, with .-nasses of order gf are the other PGB's, 
which transform as 5, 3, and 1 jnder the custodial 
SU(2). The most spectacular of these are the doubly 
charged scalars in the 5. Unfortunately, in this 
theory the coupling of these scalars to W"U~ (which 
would show up at the SSC) is small because it is 
produced only by anomalies. 

All the rest of the ultracolor physics is at still 
higher energies. The non-Goldstone ultraquark bound 
states should show up with masses of about 47jf. jhe 
ETJC physics is at still higher scales and will prob
ably best be Btudied in rare processes (ie. K -*ue). 

Footnotes 
1. In the models of reference [2] bare ultrafermion 

masses were needed to stabilize the vacuum. We 
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were dissatisfied with this Mechanic* as It sccasd 
difficult to implement dynamically. We were 
pleased to leain from 1am Bank* of the SU(3) x 
SU(3) model where ultrsfe^mloa masses were 

3 , unnecessary. 
The order a contribution to the vacuum energy 
contians an ultrafermlon loop and is hence of 
order N. Thus c-f, • #(N) which mtjans that c_ la 
<?0/N), because f| la 0{N). 
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ISOSPIN SYtftETRY BREAKING 
WITH A DYNAMICAL HICCS SECTOR 

T. Appelquist and H. Bewick 
Department of Physics 

Yale University 
New Haven, Connecticut 06511 

Abstract 

The breaking of isospin symmetry in the electro-
weak theory with a dynamical Hlggs sector is analyzed. 
An efrectlve low energy theory is first constructed and 
used to discuss the natural size of the breaking in 
various amplitudes! given that the breaking is very 
large in the quark mass matrix. Special attention is 
paid to the parameter o - *£/" c o s*^w" Technicolor 
roodqls axe then investigated. There it is noted that 
p — f1 will naturally exhibit a sensitive linear 
dependence on the fennion-doublet mass splittings. 

The observation of the charged and neutral weak 
bosons^^reinforces our belief in the standard model of 
color-electroweak Interactions. The final missing 
link is an understanding of the mechanism of electro-
weak symmetry breaking. It is attractive to assume 
that the breaking arises spontaneously) and within 
this framework two distinct possibilities emerge. One 
is that of the light, elementary Higgs field whose 
weak self-ipteractions are arranged tD give it a non
zero vacuum expection value. The problems with this 
scheme have been stressed repeatedly. One shortcoming 
of special interest here Is that as long as the Hlggs 
fields are truly elementary, the model offers no 
understanding of the origin of fermion masses—they are 
merely parametrized by the Yukawa couplings of the 
Higgs field to the fermions. 

The other possibility is that the spontaneous 
symmetry breakdown Is due to the existence of new 
matter and strong forces at a mass scale around 
1 TeV. An example are the technicolor models, in 
which the Higgs sector is a set of bound states and 
resonances formed from new, strongly interacting 
ferraions.3 Within this class of models, the masses 
of ordinary fermions must come from some direct 
interactions between the ordinary fermions and the new 
matter. In technicolor models, this must look like 
a direct four-fermion interaction or, at a deeper 
level, perhaps arise from the exchange of very massive 
<£ 10 TeV) extended-technicolor bosons. While no 
completely realistic model of this sort has been 
constructed, it remains an attractive idea and one 
that at least offers the possibility of a deeper 
understanding of the origin of fermion masses. 

In either of these cases, the observed strong 
isospin violation in the fermion mass matrix must be 
built into, if not explained by, the Lagrangian. It 
is important then to ask how this breaking infects 
other sectors of the theory through higher order 
corrections. In particular, one may expect correc
tions to the gauge boson mass matrix and to the 
prediction 

percent.** The relation o - 1 will be satisfied if 
the global symmetry of the Higgs sector is 
SU(2) x SU(2)_ . which then spontaneously breaks to 

required to get the right fermion mass matrix, will 
necessarily give corrections to this relation. In this 
paper* we briefly review this problem in the elementary 
Higgs case and then discuss these corrections in the 
presence of a heavy, strongly Interacting Higgs sector 
and, in particular, in technicolor Models. There we 
find qualitatively new effects, perhaps at the edge of 
the experimental upper bounds. 

In the eleaentary-Higgs model the SU(2) synnpitry 
necessary to produce p - 1 arises as an accidental 
global symmetry of the potential of a complex scalar 
doublet. Writing this doublet as 

(2) 

we see that V - V<* +0) is 0(4) % SU(2) * SU(2) 
symmetric. When <+°> - {pj) 4 0 , this 0(4) breaks 
to 0(3) % SU(2) . The original 0(4) symmetry is 
larger than the SU(2) x U(l) y symmetry needed to 
consistently couole the Hlggs Hector to the gauged 
weak interaction sector, and this extra symmetry is 
the origin of the relation p » I . 

It is clear that both gauge interactions and 
isospin breaking in the fermion mass matrix violate 
the SU(2) syimetry. Thus op = p - 1 receives 
contributions of order a from radiative gauge-boson 
exchange diagrams.0 w 

To see the consequence of isospin breaking in the 
fermion mass matrix we write out the Yukawa couplings 
for a generic family of fermions 

i y - Y* ( < <){*°\ U. + (3a) 

/ = K ; / r t 

= 1 (1) Fig. I. Fermion loop contribution co the E a u S e boson 
propagator. 
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where u denotes charge */$ quarks and d charge Eq. (4). 
- l-i quarks. For Y u - H& - V this tskes the 
SU(2) L x SU(2) R sjnaaetrie fom ' --0-

: : ) ( : : ) -

When Y u j* Y d the SU(2) L x SU(2) symmetry is 
explicitly broken—-the strength of the breaking should 
go smoothly to zero as Y approaches Y. In fact 
the contribution of fermion loops to the gauge-boson 
two-point function (Fig. 1) gives rise to ? 

4'->£tefeHM-*•<••«" m£-m]j 
(4) 

where j is a color factor— 1 
for quarks. For small m - m, 

for leptons and 3 
this reduces to 

Fig. 2. Fermion loop contribution via the Coldstone 
boson propagator. 

The arbitrary structure of the fermion mass matrix 
in the elementary-Hlggs model thus allows very strong 
Isospin violation without upsetting the relation 
P % I . 

If the Higgc sector la strongly interacting, the 
full theory at E < 1 TeV is conveniently described 
by the gauged nonlinear slgma model.9 Corrections to 
the leading low energy behavior can then be summarized 
In the fJinn of operators of higher and higher 

SU(2) D symmetry dimension which exhibit the SU<2) 
of the Higga sector together with 

L 
SU(2) R breaking 

effects. By listing and then estimating the natural 
Bize of these operators, the sensitivity of low energy 
measurements, such as the p parameter, to the 1 TeV 
dynamics and to the breaking of SU(2) to U(l) can 
be completely described.^ 

The coupling of the Goldstone fields to the gauge 
fields Is given by 

A / = ^ ( - f l ^ a * . ) 1 (5) -NL ilTr($.U)*fcD*U) 
4 

The mass splitting Am • m - m appears 
quadratically since two mass insertions are required 
by hellcity conservation. The experimental constraint 

Ap $ COS (6) 

then requires ^ 400 GeV • for a heavy quark with 
a massless partner. 

One may also derive (4) by cansHering solely 
Goldstone-boson dynamics.** By current conservation 
the gauge-boson two-point function has the transverse 
form 

The q q part 1B generated by the Goldstone-
boson diagrams of Fig, 2 and yields the result of 

where f = <tf.^ - 250 GeV •, where U = M/f obeys 
the nonlinear constraint UU • U II = 1 and where 
D U - d U + 1 g/2 t-3 U - 1 8/„ B UT- . The fermion 
p p v 2 u 3 

masses are again described by the Yukawa couplings 
j£ (Eq. 3). Among the new operators consistent with 
SU(2). x U(l) symmetry, there is only one of the same 
dimension as jC™ (dimension two with U 
dimensionless). It can be written in the form 

c - •${ Tr Tj, U*DAU 

where a is a dimensiorless parameter. 
The operator 1 2 Js the only operator, in 

addition to X m . thai: contributes to the gauge boson 
propagators at q = 0 and, therefore, it completely 
determines flp as measured in low energy neutrino 
scattering experiments. A simple computation reveals 
that 

Â > -Za. 
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A Minimal size for a can be estimated by noting that 
dti will be induced by radiative corrections invol
ving the U(l> gauge field. It is found1** chat this 
source of SU(2)_ breaking gives rise to 
a - 0 < 8 4̂ir2 tan 2 $ w) , a value well within the 
experimental bound. The SU(2)„ breaking in the 
Yukawa interactions (Eq» 3) will also induce 4.x • 
The lowest order computation Is the sane as in the 
elementary-Higgs theory and has already been described 
(Eqs. 4 and 5 ) . 

This analysis can be extended to higher order in 
the loop expansion, such as the contribution to Jtj, 
shown in Fig. 3, and to higher-dimension operators. 
The result) taking into account the fact that the 
loop-expansion rapidly breaks down due to the strong 
Higgs interactions, is the following: If there Is no 
other source of SU(2)_ symmetry breaking, beyond 
the Yukawa coupling jfy snd the V(l) gauge field 
coupling, then even In the presence of a strongly 
interacting Higgs sector with a 1 TeV mass scal^, 
J C 4 and Ap will not exceed the result (Eq. 5) which 
depends quadratically on the breaking t-*i.ameter. This 
analysis will be presented in detail and extended to 
higher-dimension operators and other physical effects 
in a forthcoming paper.H 

Fig. 3. Higher order contribution to ap. 

We now analyze the case where the Higgs sector is 
formed from (new) strongly interacting fermions— 
technifennions. The SU(2) isospin symmetry which 
guarantees p • 1 at the tree-level is the diagonal 
subgroup of the SU(2). * SU(2) chiral symmetry 
group of the technifermion sector. 

Without further Interactions the chiral symmetry 
of the ordinary fermiona is unbroken—they are mass-
less. The mos* economical way to give them mass is 
to couple them to technifermlons via an effective 
four-fertnl Interaction of the form 

*(«Tc) * « 1 ) , (13) 

we assume that the only source of isospin violation, 
other than the U(l) gauge field coupling, is the 
coupling i f T . Then, a simple one-loop estimate 
gives 

Ar« 

We now describe how this Isospin violation affects 
the operator *. t and the shift of the p parameter. 
The first observation is that there will naturally 
exist a variety of other four-fermion interactions with 
coupling strengths on the order of G. and G„ . 
These will, for example, be induced by iterations of 
the interaction i. fT If the integrations are not cut 
off at energies below the unltarity bound, these new 
interactions will naturally be of the same strength as 
M T It might, of course, be that the iterations 

are damped below the unitarity bound. In extended 
technicolor (ETC) models, for example, 4 - T could be 
due to an ETC boson exchange with a small dimensionless 
coupling constant. The higher order iterations will 
then be small. However, it is natural In these models 
for the additional four-fermion interactions to arise 
from the tree-level exchange of an ETC boson. Unless 
some suppression mechanism is present, this will be 
of strength comparable »"o i . Among the four-
fermion interactions to be expected from these 
considerations are the following, involving only right-
handed fermions: 

K^T^W^r,^ 

i<T* IAITTHK + &.TLifrHt, (11) i-rr • ^T.rr.T.T.p.T, (16) 

The techniferralons fonn • 
scale A ,. 

bound state at some 

< T t T . ) - A, (L2) 

Since isospin violation in the strong technicolor 
interaction would a^ead directly to the p parameter 

These have been selected simply because they contain 
the "largest amount" of SU(2) symmetry breaking, 
and they contribute most directly to ip . 

In order to estimate the contribution of either 
* f T «*TT 
turning off the 
limit, ft - 0 

to fip , it is simplest to imagine 
L*(l) gauge coupling g* . In this 
and p is simply M^/M- . Turning 

g* back on will Chen give higher order corrections 
to the dominant contributions. 

Consider first the interaction «£ £T It can 
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contribute to the U and Z aasses through the graph 
shown in Fig. 4. The fact that £ c T * involves only 

s\S**S\/\/ if jVvw/V^ 

Fig. 4. The contributions of *•, to Ap. 

spontaneous svaaetry breaking la restored for 
2 2 4 > A T C • (In the nonlinear aiasui Bodel description 

of the low energy (< 1 TeV) theory, Fig. 5 can be 
regarded as giving rise to the operator £ . (Eq. 9).) 
To see the significance of this result* we rewrite it 
in terns of mass splittings. Using Eq. (14), 

T 8** Gi X Arc / &* -W= 

right handed *ermions allows the presence of the two 
T ' S in the trace around the figure-eight loop and 
therefore a non-vanishing contribution to p - M / M . 
(Recall that we are here defining mass and the p 
parameter as the zero-momentum limit of the inverse 
propagators.) The problem here is that, with g' • 0 , 
the right-handed fermions do not couple to the gauge 
hosons without the helicity flip provided by mass 
insertions on the fermion lines. With the necessary 
insertions on the light fermion lines, an extra 
suppression factor of •l^/'vL w i l 1 b e introduced, 
giving a contribution to Ap even smaller than that 
in the one-loop estimate (Eq. 5 ) . 

It is the operator i T T that gives the largest 
contribution to Ap . Since it is the product of two 
SU{2) violating currents, the figure-eight trace 
In Fig. 5 will contribute directly to Ap . 
Furthermore, since the techniferraion mass is expected 
to be of order A T r (l * T e V ) » n 0 price is paid to 
convert the right-handed technifermion to the 
left-handed one necessary to couple to the gauge 
fields. 

' W W | W Jjk/VV/X/V 

This is linear in the ordinary fermion mass splittings 
and the weak gauge coupling. The origin of the linear 
dependence on mass splittings we have found is the 

-1/2 new scale G associated with the four-Fermi 
interactions that generate mass. 

The numerical factors in this expression are only 
rough estimates. Nevertheless, it is perhaps 
worthwhile to compare ita size to the result (Eq. (4)) 
and to the experimental bound. For m » m. and for 
E * 3, the expression in Eq. (4) becomes 
(3/16TT )(om /f ). Clearly for small enough Am, the 
linear expression (Eq. (18)) will dominate the 
quadratic one. If the numerical factor in Eq. (18) 
can be trusted* the two expressions become comparable 
when Am la of order f, corresponding to a Ap on the 
order of a few percent. This lies Just within the 
current experimental bound. If this bound can be 
reduced, then the linear expression (Eq. (18)) will 
play the dominant role in constraining the mass 
splitting Am. 

Although the linear dependence is only obtained 
indirectly, through the effect of the four techni
fermion operator (Eq. (16)"1- we "ave argued that it 
is likely to be a generic property of technl-color 
theories. It is, in fact, not unlikely that this 
kind of constraint is 6. general feature of any theory 
in which electroweak symmetry breaking is due to 
some new matter with a mass scale of a few TeV. There 
must always be some SL'(2) violating interactions 
to give the correct fermion mass matrix ia these 
could well feed back into Ap in the manner discussed 
here. 

Fig. 5. The rjntributions of HC to Ap. 

Because of strong technicolor interactions, it is 
only possible to estimate the contribution of Fig. 5. 
We find 

' Sir* V 8ir* J 
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THE QCD PAHTON MODEL AT COLLIDER ENERGIES 

R. K. Ellis 
Fermi National Accelerator Laboratory, Batavia, IL 60510 

Summary 

Using the example of vector boson production, the 
application of the QCD improved parton model at 
collider energies is reviewed. The reliability of the 
extrapolation to SSC en'jrgie., ia assessed. 
Predictions at /S - 0.54 TeV are compared with data. 

Predictions for the Interactions of hadrons In 
the TeV range are usually made using the parton model, 
suitably modified to include the effects due to QCD . 
The model has been remarkably successful in analysis 
of experiments at fixed target energies, but present 
colliders test the model in a new energy regime, which 
will be further extended by the projected super 
colliders. This extension of the kinematic range 
raises certain theoretical issues which are addressed 
here, and elsewhere in these proceedings . It is also 
of interest to compare the predictions of the model 
with data at /s - 0.54 TeV, in order to assess the 
accuracy of projections to super-collider energies. 
This program is carried out in this paper. 

Schematically, the parton model cross-section may 
be written as 

„Q2> o^CV (1) 

where f are the parton distributions and j,k run over 
parton species. The QCD parton model contains three 
ingredients. These are, 

a) the specification of distributions of quarks, 
antiquarka and gluons inside the colliding hadrons. 

b) the extrapolation of the parton distributions to 
the higher energies relevant for collider 
experiments. 

c) the calculations of parton oross-3ections which, 
when combined with the parton distributions, fix 
the overall hadronic cross-section. 

The first topic, the measurement of the parton 
densities will only be mentioned briefly. The 
principal source of information on these distributions 
comes from deep-inelastic lepton hadron scattering. 
For a review of the experimental problems in these 
determinations we refer the reader to ref.(3). The 
shape of the valence quark distributions is well 
determined. The uncertainties in the measurement of 
the antiquark distributions are somewhat larger, but 
the distributions themselves are smaller at fixed 
target energies. The shape of the gluon distribution, 
which 13 determined from scaling violations in 
deep-inelastic scattering, ia correlated with the 
measured value of the scale breaking parameter A. 

Setting aside the question of the experimental 
determination of the partun distributions, we ?w 
discuss the extrapolation to collider energies. In 
general the parton distribution functions are required 
at values of x and Q 2 which are outside the range 
measured in deep-inelastic scattering. The particular 
values depend on the transverse energy or mass of the 
object being produced, A H-boson produced in proton 
anti-proton collisions at /S » 0.5'; TeV is mos! likely 
to have come from a pair of partons havinr a iraction 

x - 0.15 of the hadrons* longitudinal momentum. 
Values of x which are higher or lower are probed if 
the V. is produced in the forward or backward 
direction. At /S -U0 TeV the typical value of x has 
become x - 2.0x10 d , although in the measurable 
rapidity range, one is sensitive to values as small as 
x - 10 . For the production of hypothetical heavier 
particles, say of mass Q, the values of x are larger 
but the values of Q , at which the distribution is 
needed are also larger. We are therefore interested 
in a range such that. 

Q/x < E 

where E is the total centre 
collider. 

(2) 

of mass energy of the 

The extrapolation to the values of x and Q 
required ^ is performed using the Altarelli-Parisi 
equation. 

)\0U)) 2" * * l V 2 ' PGG< z>JlG(i)r 3 d(lnQ' 

The functions P are the evolution kernels which are 
calculated as a pertjrbation series in the strong 
coupling constant. Normally the equations are used 
Including only the first order evolution kernel, 
although the second order terms and certain-terms of 
even higher orders have also been calculated. As the 
evolution proceeds uncertainties In the sea and gluon 
distribution functions tend to diminish. This is 
shown in Fig. (1) for the case of tge gluon 

function at " 
" The curves which are very different at 

function at Q* - H GeV 
Q c - 2,000 Gey' 
low Q approach one another at high Q c. These curves 
were obtained using the two parameterisations of Duke 
and Owens which evolve with different values of A. 
Part of the reason why different starting 
distributions, (compatible with data), give similar 
results after evolution is that Eq. (3) is driven by 
the hardest term on the right hand side, which is the 
well measured valence distribution. 

Two parametrisations for the gluon distribution 
furrtion at Q - H GeV and Q = 2,000 GeV . 
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The extrapolation using the first-order 
Altarelli-Parisi kernels is expected to be acceptable 
throughout the range explored at super-collider 
energies. A possible source of danger Is the low x 
region, untested by fixed target experiments* As 
already mentioned above, despite our ignorance of 
these distributions at low x and Q , the AP equations 
are expected to give a reliable estimate at low x and 
higher Q , This is because the growth at low x, due to 
parton cascade from Mftter x, la a© »ueh larger than 
the presumed starting value at low x. The issue is 
whether the AP equations with first order kernels are 
an accurate representation of the behaviour of the 
theory in this region. The one loop evolution 
equations at low x are dominated by the poles at x - 0 
which appear in the splitting functions, in the limit 
x * 0,(Cfl-3. C^-ii/3), 

2 C* 
P<D 
rGq - 2ir 

2Ce 

In this approximation, the gluon distribution function 
evolves according to 

dG(x.Q^) C, ttlQc) ' 2 
- £ — / dz G(z,Q ) (5) 

The solution to this equation in the limit In which 
lnCi/x) ln(ln Q^J » i Is, } 

GU.Q > • J * ^ (6) 

where [ba (Q^)] ' - lnQ*/A£. The second order 
spli ttlng function does not lead to a large 
modification of this behaviour; at small x the matrix 
of evolution kernels is given by, 

•IS 

I w , 

\CFCA - T V R

n r 

^ W r 

K4> 
(7) 

This equation should be compared with the 
corresponding results for the timelike case. For 
example, the function which controls the fragmentation 
of a gluon is given by, 

iJC^ln2x 
(8) 

and after resummatlon to all orders the moments 
this function are known to be given by, 

4<"> •}[-<"-" • v o . - n * . ^ ] 

Returning to the spacelike caae we see from 
Eq. (7) that terms of order a ln(1/x)m/x for m-1,2 are 
absent, ir.deed it is known tBat to all orders the 
most singular terms In the perturbation series for the 
splitting function are of tiie fora, 

-<x) ' jlo aJ f W } ^ 
The values of the coefficients a. are known.0 Note 
that a -a -o. Since the correction termfl are of order 
>cln( 1 /x), we should not envisage any problems with 
perturbation theory until Kln{1/x) ~ 1- T f l U 3 t n e first 
order equations provide an adequate description at 
least down to values, 

x > 10~ 3 at Q2 (n) 
In ref. (2) It is argued that lowest order 
perturbation theory should be valid to even smaller 
values of x, because of the steepness near x « 0, with 
which the splitting function is convoluted. However, 
Eq. (11) is sufficient for most purposes at energies 
E < 40 TeV. 

In order to make numerical estimates of the 
cross-sections we will use the results of numerical 
integration the of Altarelli-Parisi equation given in 
the literature. The parameterisations w.bJ.ch we 
consider are those of Duke and Owens (DO), Cluck 
Hoffmann and Reya (CHR) and Eicrten, Hinchllffe, 
Lane and Quigg (EHLQ). None of the parameterisations 
la entirely satisfactory throughout the range 
/S-O.S'^O TeV. A satisfactory parameterisatlon must 
a) be compatible with the data at fix*."] target 
energies, 
b) give a satisfactory fit to the result of numerical 
evolution of the low energy distributions throughout 
the range of collider and super-collider energies 
(cf.eq.(ll)). The stated range of accuracy of the 
three sets is 

DO: 5-10 3 < x < 1 2 < Q < 10^ GeV {few %) 

-2 GHR: 10 " < x < 1 2 < Q < 200 GeV 

EHLQ: lO"2' < X < 1 2.3 < Q < lO*1 GeV (5?) (12) 

where the percentage Is the estimated maximum 
deviation of the paramaterlsation from the result of 
the numerical evolution of the starting distributions. 
Thus we see that the first two sets have an x range 
somewhat less than desired for super-collider 
energies. 

Not all features of fixed target data are 
reproduced by the parameterisations, although there is 
some degree of choice in the data sets which are used. 
The DO parameterisations have an SU(3) symmetric sea 
which appears to be excluded by the data. Since sea 
distributions are Important at super-collider 
energies, this deficiency can lead to noticeable 
differences. The ratio of valence down and up quarks 
is measured to be approximately given by 

(135 

The EHLQ structure functions fit this ratio rather 
poorly (see ref.(12)) and hence somewhat underestimate 
H production cross-sections at CERN collider energies. 
Different theoretical treatments of the charm quark 
threshold can be lead to appreciable differences at 
small values of x. Generally speaking ihese 
incompatibilities of the parton distribution functions 
with data lead to less than 203E effects in the final 
cross-sections, nevertheless they introduce an 
avoidable source of error. 
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The total _croas-sections for vector boaon 
production in pp collisions at CERN collider energies 
Including the 0(a.) correotionn have been presented In 
ref. (13)- The ^pluonio radiative corrections were 
implemented follciung the basic strategy of ref. (14). 
Inclusion of the 0(a) corrections increases the zero 
order cross-section - the ao-ealled K factor - by 
about sot. This is to be compared with the 0(a) 
correction in Drell-Yan production at fixed targlt 
energies which Is ebout 80J(. This decrease in the 
siae of the radiative correction la mainly due to the 
decrease io the size of the running coupling n . The 
contribution of the initial gluons after factorisation 
is negativa and less than a If correction. 

The theoretical calculations of the 
cross-set.'-lons for pp collisions at /S - 0.5U TeV 
are. 

- (1.2 1-3 
0.6 )nb o-3 :i:> di) 

The theoretical uncertainties In these cross-sections 
have been estimated by usiw; different sets of parton 
distributions and different arguments for the running 
coupling. The value for the W cross-section found 
using the EHLQ structure function is somewhat low but 
lies within the range given in Eq. (14). The ratio of 
the two cross- -\ect ions, important for counting 
neutrinos is less subject to theoretical error, 

W 
• - 3-3 ± 0.2 (15) 

Multiplying Eos. (14) by the branching ratio into 
electrons. 

B(W -» ev) = 0.089 e e ) « 0.032 

which are the values obtained for a top quark mass 
m » 40 GeV and a /n - 0.04, we find that the product 
or the cross-section and decay branching ratio Is, 

C o B ) W ± * e ± - (370 I )P0 

Z *e e 

(oB) - (i!2 _ ' gjpb 
The corresponding experimental results are ,15,16 

U M : (oB) - 53O±Q0±9Opb CoB)* - 71±24±13pb (18) 

UA2 : (oB) n - 530±100±100pb (oB) A - 110±40±20pb (19) 

Theoretical predictions for highe" energies are 
given in Table (1). These results are also subject to 
theoretical error. Fig. (2) displays these results 
for a fixed set of parton distribution functions (Duke 
and Owens , Set 1) and a given choice of scale for 
a (Q-M ). The solid curve is for proton-antlproton and 
tne dotted curve is for proton-proton collisions. 
Above /s - 10 ToV the two curves are essentially 
identical because of the dominance of sea quarks. 
Also shown plotted are the cross-sectIons for the 
production of hypothetical bosons of mass 0.2, 0.5 and 
1 TeV which couple to quarks exactly In the sane way 
as the normal W boson. These curves are also subject 
to theoretical uncertalntiea similar to those in TaL-ie 
1. Although the cross-section for the production of W 
bosons at 10 TeV la large, it Bhould be borne in m m d 
that only about 30? of them occur at observable 
rapidities y < 2. A W produced at rapidity greater 
than 2 lies within 15° of the beam pipe. 

•Js TtV 

F i S - 2 
The total cross-section for the production of W -rK~ 
bosons, M - 83 GeV in proton antiproton collisions 
(3olid line) and proton proton collisions (dashed 
line). The other curves refer to heavier charged 
bosons with the same couplings to quarks as the W of 
the standard model. 

£(TeV) 0 (Mn'83 GeVHnb) 7° 
0 (M..0.9H GeV)(nt>) 

0.51 q - < ; - 0 . 6 3 -0 .2 

0.63 5 . 3 * 1 ' 6 

K 6 - 0 . 3 

1.6 
+1.0 

1 6 - ° - 2 . 5 
+ 1.2 

" • 9 -0 .8 

2. *>• :t: 6 . 2 * 1 ' 9 

-1.2 

10. «• -11: 2 ? . .,2. 

20. 
'*>• - * & «• -It: 

DO. 190.+1C0. 70. ±30. 

Table 1 
Theoretical results for the W and 2 total 
cross-sections in pp interactions at various energies. 
Estimates of the theoretical error are also given. 

We now consider the transverse momentum of the 
produced vector bosons in more detail. This is a 
subject of both theoretical and practical importance. 
They are theoretically important because it has been 
snown that essentially the whole q distribution 
(including the low q region) can be predicted. The 
procedure for the resummatlon of multiple gluon 
emission including iransverse momentum conservation 
was introduced in ref. (17) and further developed in 
raT^. (1..13.19). Tr.e comparison with W boson 
prcdu-t-irn .".iif. at /S * 0.54 TeV is shown in Fig. 3. 
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1 T^CU^ 
Fig. 3 

The normalised differential cross-section R for the 
production of (W +W ) bosons as a function of q_ at 
/S - 0.54 TeV. The dotted and dashed histogram! are 
the suitably normalised data of the UA1 and \JA2 
collaborations respectively. The solid line is the 
theoretical prediction for 

do(y-O) /do(y-0 
dq- d y / dy (20) 

cased on the parton distributions of Gluck et al. 1 1 A 
full analysis s of the uncertainty in the theoretical 
prediction due to the form of the parton distribution 
functions, the size of A, and the uncalculated higher 
order corrections shows that it is about 25*. Within 
the limited statistics the agreement between theory 
and data is acceptable. The change of the ratio R 
with increasing centre-of-maas energy is illustrated 
in Fig. 4. 

Fig. H 
The normalised differential cros~-section R for the 
production of W +1.' bosons in proton anti-proton 
collisions at various centre of mass energies. 

With increasing energy a larger fraction of the 
events lie above q_ - 30 GeV. It is therefore *o this 
large transverse momentum tail, <,hich is well 
described by the simple perturbatlve formula, that we 
turn our attention. 

At super colliders the large transverse Bowentum 
region is of nost Interest because it Is In this' 
region that the search for physics beyond the standard 
•odel will take place. W and/or Z production at larqe 
q^ could cause "nonojets" or "lepton • Jet" events 
with Biasing transverse energy. Both of these types 
of events are typical triggers In the search for new 
phenomena. In order to estimate the probability of 
such events from conventional QCD soirees, we define 
the quantity 

.(a ) - f*1" d 0 < y " 0 ) 

* l V *a. rfn riv 
d p T / Jo " ^ - 3 7 d p T 

Hhere A is the kinematic limit of the transverse 
momentum. 

q T GeV i r W Cq T )J 
/ S - 0 . 5 4 TeV pp /S-10 TeV pp •S-U0 TeV pp 

25 3.U ±0.11 — 
30 2 .0 ±0.2 26.0 ... 
M 0.8 ±0.1 16.9 — 
50 0.10±0.05 11.7 15-

60 O . l o jO .02 8.3 1 1 . 

70 — 6.0 8. 

80 — 1.5 6. 

90 — 3 .1 5. 

100 — 2 .6 «. 
110 — 2.1 3. 

120 ... 1.7 2. 

130 ... 1.3 2. 

1JJ0 — 1.1 1 . 

150 0 , 1 . 

The probability *(q ) of finding a H boson?above a 
certain q at various centre-of-mass energies. 

In Table {k) the values of n at /S - o.54 TeV and 
10 TeV for up collisions and at Ss - Ho TeV for pp 
collisions are given. The results at /s - 0,5*1 have 
been calculated using the 0(a&) contribution coming 
from quap(c-antiqus"k annihilation. The difference 
betweet. it calculated in order a and calculated in 
order n is small, but inclusion o? the 0(a) term 
liads to a subJtantial decrease In the error §Mch is 
mainly due to the scale ambiguity In the running 
coupling constant. At the other two energies the 
percentage errors on * are of the same order as the 
percentage errors given in Table 1 at the 
corresponding energies. The figures are therefore for 
illustration only. Table 2 indicates that it is most 
unlikely to fir.ti more than 3* of the K's (or Z's, for 
which a similar result holds) with an associated jet 
or q i 35 GeV. Taking into+ accot'-.t the factor 6 
between r(Z-»w) and r(Z+e e") it follows that at 
>'$ - 0.5^ TeV we should expect about five times fewer 
rionojets with q T i 35 GeV, than regular Z decays 'o 
electron pairs ut'/s - 0.5U TeV. 
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CAN THE PRISON SCALE EF SMALL? 

I t ihak Bars 
Department of Physica, University of Southern Cal i fornia , Loa Angeles, CA 90039-01*81 

Th'j preon sca le Vt> i s bounded from below by ra re 
cr unobserved processes and from above by t;:e 
cosmological abundance of s t ab le heavy composites. On 
the oth;f hand composite models can be tes ted by the 
Superconducting Super Collider (SSC) or by low energy 
precision experiments only if A I s allowed t o be at 
most 5-10 TeV. In search of sum models we re-examine 
some conditions that must be fu l f i l l ed i r A la small , 
and pMnt out the p o s s i b i l i t y of cer ta in pmechanisms 
chat could avoid the dangerous r a re processes . In 
addi t i o n , ce r t a in proper t i e s of roo t l e compt.-1 t e 
p a r t i c l e s , t h e i r possible ro le In breaking the 
eiectroweak symmetry and in producing observable 
s igna ls beyond the standard model are a lso discussed. 

1. LOW ENERGY CONSEQUENCES OF 
PREOM SYMMETRIES 

The s t r uc tu r e of a preon theory i s s imilar to QCD 
in many ways. Quarks are confined by color forces ut 
a scale A to form hacrons; preons are confined by 
precolor rorces at the sca le A to form composite 
quarks and leptons (and maybe some exo t i c s ) . Like the 
quarks, preons come in several (pre) f lavors that 
define the preonic symmetries. The major difference 
from QCD i s that the preonic chira l symmetries must 
remain unbroken in the vacuum1. They are s l i g h t l y 
broken when perturbed by another force which i s small 
compared to precolor . This generates the small 
masses, n«Jl , of quarks and lep tons . 

At low energies (E«A ) , in analogy to the sigma 
model that follows from QCD, we may write an effect ive 
theory (see e .g . re f . 2) that describes the low lying 
composite s t a t e s of the preon theory. This must have 
the form 

L(non-renormalizable). 

The symmetry s t ruc tu re of L f f i s d ic ta ted at the 
sca le Â  where the bound s t a t e s form. At A a l l known 
r&.-ces ' ( including QCD) are small coroparea t o the 
confining precolor i n t e r a c t i o n s . I t i s therefore 
useful to consider the l imi t in which a l l forces 
except f c - precolor i s turned off. The fu l ly 
conserved preonio flavor symmetries G„ tha t show up in 
t n i s l imi t govern the c l a s s i f i ca t ion of a l l composite 
s t a t e s . These may include 

( i ) 3 or more generations of masslesa quarks 
and leptons 

(11) Maasless exotics (color , weak i sospin , 
charge) 

( H i ) Heavy composites m > A c lass i f ied in 
I r reduc ib le representat ions fr} of C p . 

The symmetries G a lso govern the s t ruc tu re of 
the 4-fermi and other non-renormallzable in te rac t ions 
that appear in the ef fec t ive low energy Lagranglan. 
SU(3) x SU(2) x U(l) must be a subgroup of G . I t i s 
gauged. The c l a s s i f i c a t i on and s t ruc tu re of 
i n t e rac t ions provided by G are only s l i g h t l y changed 

wtien QCD, elcctroweuk or other mass generating 
in te rac t ions ar? turned on (however, the model should 
have the pro;::.-,- xy that these symmetry breaking 
in te rac t ions must not mediate undesirable l eve l s of 
neutra l AS • 1,2. or other react ions tha t may be 
introduced v% mass generation and "Cabibbo" mixing). 

The important ro l e of the 1-ferml in te rac t ions 
for tes t in , . compositeness at low energies was f i r s t 
discussed in Ref. 2 and l a t e r in the 82 workshop* and 
other a r t i c l e s ' ' . In the effect ive theory the i|-fermi 
In te rac t ions are assumed to have the s t rength A 2 /2A a

D . 
If they mediate a r a r e or unobserved process then A 
may be recnired to be l a r g e . Here are some of t h i 
bounds on A taken from Ref. 2. 

Process 

Proton decay 
KB-K° mixing 
D°-D° f ix ing 
K + -rr u e 
K, * u e 

Limit on K 

K, > »x 10' ' TeV 

i > J X 100 TeV i > A y. 50 TeV i > > 30 
25 

TeV 
TeV 

Naively the magnitude of \ (unless A«0 because of 
symmetry) i s estimated to be of order 1 by a n a l o g y 2 " 
to QCD. [Note different def in i t ions of the scale A 
used by others a u t h o r s ' ' * . ] He see tha t fram the 
point of view of the SSC *-he most In te res t ing models 
are those with enough symmetries that require A-0 to 
supress each one of the above (end s lmilar ra re ) 
processes. 

I t i s remarkable that many of the proposed preon 
models can be banned from the TeV regime ( i . e . A »few 
TeV) thanks to the existence of the ft*« precision 
measurements l i s t e d above. There are proposed 
experiments to improve the l imi t s of K-decays. The 
impact of future experiments on A can be estimated by 
not ing tha t the dependence of tfce decay r a t e s on A 

I t i s not d i f f i cu l t to find models 1 with 
symmetries tha t suppress the f-fermi and higher 
dimension in te rac t ions (I . e . A-0 Jnd- int ical ly) that 
mediate (1) proton decay, (2) K°-K° mixing and (3) 
D°-D0 mixing. The c r i t e r i a to eliminate these are as 
follows*; (1) Baryon number must be one of the 
conserved quantum numbers in the form of a u (D 
embedded in G_. (2) There must be no symmetry 
embedded in G tha t can trai.jform the l e f t - r i g h t 
components of the composite strange quark when written 
in the form (s ,s ) , where s , i s the charge 
conjugate of s R . This may be assured by requir ing 
3 , , s B to belong to d i s t i nc t representat ions of the 
(Sub7group(s) of Gp. (3) There must be no symmetry 
in G_ that can mix the l e f t - r i g h t components of the 
composite charmed quark In the form (c t ,c t ) where c 
i s the charge conjugate of c . Again, fo hLs may be 
assured by requir ing c. , c R to belong to d i s t inc t 
representat ions of the (sub)group(s) of G . £ The 
following provides an undesirable example: If the 
Georgl-Glashow SU(5) i s embedded In G then the 
10 contains ( c , , c , ) and they can mix via a generator 
of SU(5)<G . I f t h i s happens then D 0-D o mixing will 
occur via the *i-fermi i n t e r ac t ions , and wil l require 
A > 50 TeV]. These c r i t e r i a are compatible with the 
symmetry s t ruc tu re of the standard model based on 
SU(3) x SU<2) x U(U which i s expected to emerge as 
the low energy l imi t of the preon theory. 
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However, as pointed out In r e f . 2„ the ease of 
K-decays is more de l ica te because, unlike the other 
proceses, X-0 may not be so easy t o achieve by 
symmetries which c lass i fy the <juarks+ and leptons 
together in r t p e t l v e fami l ies . .K * * ye or JC, -* 
ye can be eliminated by symmetries only by deviating 
from the i n t u i t i v e c l a s s i f i ca t ion of families 
suggested by the standard model ea described below. 

The mass spectrum of quarks and leptons together 
with SU(3) x SU(2) x U(l) anomaly cancel la t ion 
arguments within the i tandard model have led t o the 
notion that a s ing le family contains both quarks and 
leptons and that there ex i s t s a t l e a s t 3 families of 
increasing masses. A complete family contains 16 or 
15 fermlon degrees of freedom. [The s t ruc tu re c:' 
Grand Unified Theories reinforces the nation that 
quarks and leptons belong together in one fami ly . ] 
The r e p e ' i t i o n as rep l icas of the f i r s t one i s not 
explained in theor ies of elementary quarks and 
leptons . In composite models i t has been suggested* 
that the r epe t i t i on i s required at l e a s t in ce r ta in 
classes of models, due to anomaly cancel la t ion of 
precolor in the underlying preon theory, thus 
connecting Vr.e exi stance of farail i ea t o underlying 
dynamics. 

In the l imi t of zero gauge couplings for SU(3) * 
SU(2) x U(1), ana absence of a Hlggs, the standard 
model shows c big symmetry; SUfJS) [or SU(1)5)-*I5 fer 
family) corresponding to H8 (or 45) l e f t hai.Jed free 
fermions. Thus, in the absence of the gauge I'ouplings 
and masses tn the standard model the family s t ruc tu re 
i s completely washed ou t . This i s an accident simply 
because L (standard) i s quadratic in the fermions. 
However, in a composite model, if there i s a family 
s t r u c t u r e , i t will show up In the s t ruc tu re of the 
4-fermi and other non-renorraalizable i n t e r a t i o n s . 
Thus the preonic symmetry 0- tha t provides a family 
s t ruc tu re must be a subgroup of SU(48) or a la rger 
group if there are more fami l ies . There a r e , of 
course, many p o s s i b i l i t i e s , but the one that suggests 
i t s e l f most in tu l teve ly (when the masses and gauge 
couplings are turned on) i s a cross product of the 
form 

b) . ' -al ly quantun nunbera cose fro* s c a l a r a ' o r v 
>aira of fermions t ha t occur different 

number of times in d i f ferent fami l ies . 

c Family quantum runners cone trrm r ad ia l 
quantum numbers, 

Thus, under the assunption G " G x C , where G^ 
lumps quarks and leptons in , one family, and G^ 
dis t inguishes fami l i e s , we may analyze the kinds or 
4-feroi in te rac t ions tha t must occur with a coupling 
* V 2 A p

a , where x i s of order 1. H^e we find tha t 
there I s a l»6/s a term tha t mediates K+-*ir*ye and/or 
K. -*us, namely 

2 F L O 
<1±X*>, d J C e (-l—p^>G psyimaetrlc terms(1.3) 

SU(48) > (G„ x G u) (1.1) 

where the o-index Implies that these are the s t a t e s 
wefore mass generation or Cabibbo mixing i s taken into 
account. Assisting tha t these mining angles are not 
large we see that the symmetry u -G.JCG can never 
el iminate t h i s term and thus we must require 

Ap i (20-30) Tev. ( l . i i ) 

[Note tha t the decays occur for zero Cabbibo angles . ] 
Models sa t i s fy ing the reasonable assumptions above are 
therefore j u s t beyond the reach of the SSC (E (max)-
10 TeV in partcn + parton center of mass with any 
appreciable luminosi ty) . 

Any model that manages to avoid the conditions of 
the theorem above i s l i ke ly to do i t in one of the 
following ways: e i ther 

(1) Quarks and leptons are not linked within a 
family. 

or ( i i ) There is a s e t of one or more preonic 
UCD's that assign different quantum 
numbers to quarks than leptons and 
simultaneously d is t inguish fami l ies . 

or ( i i i ) The mixing angles are la rge so that the 
mass eigenatate T.u.s.d correspond to e 0 m , 
]i0

av, 3 a""s, d 0 *d. Instead of T, e. may 
correspond to an even heavier lepton. 

where G (V for v e r t i c a l ) acts on the 16 (or 15) 
members of a family, and i s the same for a l l fami l ies , 

SU(16) > G„, (1.2) 

While G (H for horizontal) acts on the 3 families. 
In the limit of zero™"^* might satisfy U(3) > G H or 
U{ 3) x U(3) > G H, etc, depending on the nurnbei* of 
irreducible representations in which G classifies the 
16 fermions. [Examples of such structures occur also 
in grand unified theories; e.g. for S0(10) grand 
unification G = S0(10), G »U(3); for SU(5) grand 
unification cL-SU(5), G - U ( 3 ) 5 x U(3)i 0: f° r 

Pati-Salam unification G - SU(U) x SU(2) x SU(2) , 
G H " u<3) LxU(3) R etc]. vThe main thing tb notice Is 
not the particular group, but the vertical x 
horizontal structure that one might expect if families 
are to be explained by comppslteness, and that such an 
explanation is likely to lump together quarks and the 
leptons of 1 family within representations of G„. 
This type of structure Includes the possibilities that 

a) Family quantum numbers are carried by a set 
of family preons while the rest of the usual 
quantum numbers are carried by other preons. 

To these one could add less attractive pcssitilities 
that destroy the repetitive family structure, but. we 
will not consider them here, since i nderstanding 
family repetitions is one of the goals of 
compositeness. 

In the first case it is evident we must give up a 
simultaneous explanation of quarks and leptons 
belonging to the same family. In such models it may 
turn out that leptons could artificially be added to 
the models by throwing in preonic degrees of freedom 
that are not required by the precolor dynamics. That 
Is the model could be constructed for only the 
quarks 7. We recall that the U(1)„ gauge anomaly in 
the standard model is the only evidence of a link 
between quarks and leptons of the same family. this 
guage coupling has nothing to do wi th the precolor 
dynamics that yield composite quarks and leptons. A 
model which does not provide a dynamical link between 
quarks and leptons (in the absence of negligible 
couplings) may be possible, but we have to ask how 
palatable it is, since it breaks one of our intuitive 
expectations. 

In the second case I suggest that It is 
attractive to associate the desired global U(1)'s with 
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the hypsrcharge Y of the standard model, s ince t h i s I s 
the only apparent link between quarks and ltsptona in 
each family. For example, consider 3 conserved 
preonic U(1)*s that assign separately the hyperchargea 

in each family. [The gauge U(1)y i s the 
"diagonal" U ( l ) ] . These U(1)'S or an appropriate 
d i sc re t e subgroup embedded in them are suf f ic ien t t o 
el iminate the dangerous terms of type (1.3)* While 
t h i s sounds a t t r a c t i v e a model of t h i s type has not 
yet been constructed. ' 

The th i rd case" of large mixing angles i s a lso 
counter i n t u i t i v e . However, here the re may be roan 
for much further inves t igat ion since an a t t r a c t i v e 
mass generating mechanism does not yet e x i t . Note 
that even though mixing angles may completely be 
ro ta ted away in the lepton sector in L (standard) 
(cer ta in ly so , if VR do not e x i s t ) , t h i s i s not 
necessar i ly the case in L(M-terrai), Since h(U-terml) 
i s not quadratic in the fermions. Thus, i n t h i s 
mechanism the burden of suppressing K., K+ r a r e decays 
r e s t s with the mass generating mechanism without 
compromising the auspected linkage between Quarks and 
lep tons . The c l a s s i f i ca t ion scheme for mass 
e igensta tes i s then expected to look as follows 

1st family ( d \ % dR tyL , R v 

2nd family ( 3

C ) L c R a R f j ) L „ R ^ (1.5) 

3rd family ( ^ t R b R f e ^ e R v e R 

where u, c, t are the (u,c,\ ,) mass elgen3tates 
ro ta t ed by the cabibbo-Kobayashi-Haskawa mixing angle . 
With such a mass scheme, e .g . some of the models 
discussed in ref- 2,6 would completely avoid a l l the 
bounds discussed above. 

Furthermore, by mixing the ( u , c , t ) quarks ra ther 
than the Cd.s.b) Quarks, AS-1^neutral current l)-fermi 
in te rac t ions do not occur. the family changing 
in te rac t ions that are generated by th i s mixing scheme 
are not r e s t r i c t e d by known phenomenology. in 
L(st-andard) i t does not matter whether the ups or the 
downs mix, however, in L(*J-fermi) i t makes an 
important phenomenological difference. Of course, the 
mass generating mechanism holds the secre t for why the 
ups rather than the downs (or both?) should mix. 

i n t e r e s t i ng huge aupveas ion nay be found i f the only 
allowed decays arv t o a l a rge number of p a r t i c l e s , 
despi te a stro--^ effect ive coupling constant . For 
example, the l i f e t ime of a heavy sca la r p a r t i c l e , 
M-A . t ha t decays to N massless pa r t i c l e s in the f ina l 
s t a t e must be la rger than 

' w t ) ^ " *»«• -» '«" • * . (2.1) 

Here G is a dlmensionlesa effective coupling that 
measures the strength of the (instanton) interaction. 
A realistic model may require N of order 16, 
corresponding to the 16 members of a family, as in the 
example considered in ref. 6. Then 

T i (100 TgV) 
G a A„ (4 x lO 1") years. (2.2) 

Thus, even for a large value of A , the l i fe t ime of 
such a p a r t i c l e i s l a rger than the l i fe t ime of the 
universe . This i l l u s t r a t e s that U(1) 's that are 
broken by instanton effects should not be dismissed, 
as they may s t i l l le3d t o almost s t ab l e p a r t i c l e s . 

In the event that a preon model has long lived 
p a r t i c l e s (even for l i fe t imes than several minutes), 
cosmological cor^Iderat ions can put l i m i t s on i t s A . 
In ref . 6, mainly the case of t i T (universe) wai 
discussed. I t i s estimated tha t the abundance of such 
s t ab le p a r t i c l e s in today 's universe i s 

(N_> 
tfv today 

n(Hplanck) 
A P 

(2.3) 

For these not to dominate today 's matter (baryons) 
dominated universe, we must requi re 

I t may be possible to Improve t h i s bound by taking 
into account c lus te r ing of such p a r t i c l e s in the form 
of ga lax ies . In any event, the fact that there i s an 
upper bound in cer ta in po ten t ia l ly r e a l i s t i c models 
and that the bound i s f a i r l y low i s ra ther In te res t ing 
from the point of view of the SSC. 

An example of t rouble free *l-fermi In te rac t ions 
that i l l u s t r a t e the points above i s expl ic i ty 
exhibited in sect ion 3. 

2. COSMOLOGICAL UPPER SOUND ON A p 

In the previous section we discussed bounds 
coailng from low energy physics. However, cosmological 
consideration can help probe the hsavy sector M - A 
of a preon model if there are lnng l ived s t a t e s . This 
ices was f i r s t implemented in re f . 6- as outlined 
below. 

A preen model often has some (naively) conserved 
I ' d ) quantum numbers. The low mass quarks and leptons 
can 5e taken neutral under some U(1) but some heavy 
s t a t e s are charged. Tnen, in the £ ime way that the 
proton i s s t ab l e , such s t a t e s are also (naively) 
s t a b l e . 

Note that I emphasized naively conserved U(1). 
This i s Decause after s tronger precolor instanton 
effects th i s U(i) may be broken ( i t i s broken in ref, 
6 ) . rfewevw, one must s t i l l analyze the effect ive 
Jnstanton in te rac t ion and estimate the r a t e at which 
the heavy s t a t e i s allowed to decay. Then, an 

A MODEL WITH EXOTICS 

A preoii model can be tes ted at low energies If i t 
ha3 exotic bound s t a t e s that are c - partners of 
the (massless) quarks and lep tons . The mass of such 
s t a t e s i s l i ke ly to be in the range 

top C3.D 

thus requir ing energies lower than A for discovering 
thei... The recent j e t ac t iv i ty around m-150 seen at 
the UA1 and UA2 detectors at CERN may be a t t r ibu ted to 
exot ics , as discussed in the Compositeness Subgroup at 
the SSC Workshop9. The model presented here i s an 
example which has a minimal number of exotics [1 color 
nonet (8+ t ) ] , and can provide s ignals of the type seen 
at CERN. 

The precolor group i s taken as G -sUtJUxSUCO and 
the preons are placed in the t h r e e representat ions 
Ri-<i!.iP, R a - ( 1 . 1 ) , R s - 0 , * J ) . The numbers and 
h e l i c i t i e s of the preons are 

R.+ti R a+O0 -6 )fl, ( 3 - 2 ) 
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Thus, the preflavor symmetry G„ which c l a s s i f i e s the 
preons and composites I s (af ter instanton ef fec ts ) 

- SU(4) x SU(10) x SU(6) x [U(1)3axZa (3.1) 

The msssles composites which s a t i s f y anomaly, 
decoupling and cer ta in other conditions fop the en t i r e 

(4. 10. 1><1'S>> ( , , , , 6 ) ^ - 1 ) (3.H) 

Th'^ solution was used before In refs. (2,6) (without 
ex<. Ics) with a different lnterpration of the "flavor" 
quantum numbers than the one suggested below. 

We embed SU(3) x SU(2) x U(1) in G so the ;he 
preons are classified as follows: 

Ra: V ^ W ^ W z (3-5) 
1 0 * O,2)0*(1,2)0+C1,2).*(T.1) ,.,+(1,1),.. 

D L v " " —I/O 1/2 

(1,1)_ 

The subscr ipts are the U(i; quantum numbers. Note 
that th i s embedding i s anomaly free for gauged SU(3) x 
SU(2) x U(1), as i t should be . QCD i s embedded in 
SU(ij) a l a Pati-Salam. Therefore, the composites are 
c lass i f i ed as C 4-—*£•*!" ) 

I wish t o propose another important r o l e for 
exotics in a composite model. Harciano 1 * suggested 
t ha t high color s t a t e s (6 , 8, 10 e t c . ) say condense at 

the electroweak sca le Fn - 250 Cev, thus providing a 
•echaniSB of mass generation analogous t o technicolor 
but only with QCD forces . In the context of ooaposite 
models t h i s idea i s qu i te a t t r a c t i v e because 

(1) Exotics occur na tura l ly 

( i i ) The Jj-ferrai in t e rac t ions provide masses for 
quarks and leptons a f t e r condensation. 

In the models of elementary quarks and leptons 
discussed in re f . 10. i t was d i f f i cu l t or una t t rac t ive 
t o implement a s u b s t i t u t e for ( i i ) . 

To use t h i s mechanism one must address 
q u e s t i o n s ' 2 about the asymptoti c freedom of QCD 
because, if QCD looses i t s asymptotically free 
behaviour due t o many exo t i c s , condensation would take 
place at the highest values of aQCD, thus a t the 
highest s c a l e s . This I s not des i r ab l e . For t h i s I 
emphasize tha t in a composite, uodel we must separate ly 
consider the ca lcula t ion of QCD in the regimes below 
A and above A . Below .* there a r e few and 
non-exotic preons*. In terms of ^"eons QCD must and 
can eas i ly be negative for asymptotic freedom to be 
co r rec t . Below A the behaviour of =QCD or QCD may 
be smooth or complicated depending on the iiumber of 
exotics and the i r thresholds In the range QCD < u < 
A condensation wil l occur i f BQCD u a t t a i n s the 
c r i t i c a l value at y - Fn - 250 GeV 

CI, 1, 6) 

z7 

R 

'L 
3x{3f1)p/3+3x(3.1)p ( U ) 

(3-7) 

[ critical may approximately be estimated " , " via 
the quadratic casimir for the exotic representation R, 
c3(R)o(CFw)-i] 
For y > F-n, «(y) must never exceed °cr i tical, 
otherwise the scheme will not have any meaulng. Two 
possibile situations are shown in Figs. 1 and 2 

This corresponds to 3 usual families of quarks and 
leptons plus a fourth up quark, plus a color r ̂ net 
£3x3*,1) - (1,l),° + ( 8 ' 1 ) 0 i a n d a singlet (i,l)° . 
The quarks and leptons may be indentified as in (1.*>) 
so that A is not restricted by the rare processes 
discussed ?n section 1. 

The point of this model Is the presence of the 
nonet so that the singlet and octet have the same 
global quantum numbers, corresponding to a conserved 
U(1) embedded in G„. Suppose the octet is heavy, if 
produced in pp_ reactions at CERN it can decay ho a 
pair of quark + antiquark plus the neutral singlet 
that carries the same global quantum number as the 
octet. Thus in the final state one would 3ee a pair 
of highly energetic jets plus missing energy. Since 
one of the quarks may sometimes be slow, the event 
(after the cuts) can also look as 1 energetic jet 
plus mLsslng energy. The cross section for production 
* decay is quite large and can explain the rates seen 
at CERN, as discussed in the compositeness group in 
this workshop.* Note that the octet of this model has 
some properties similar to the glulno In 
si-persyininetric theories, if the glulno its taken at 
around the same mass, and may be confused with it. 

Fig. 1. Few exotics- B < 0 'or all ; 

J 

°QCD 

V i 
Id 

c 
t 

"~v. a 

F 2m rtn V 

6^0 above 2m threshold; 
More model independent properties. 

discussed in ref . 9. 
exo t i c s , are 
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In Fig 1 even beloy AD* t n e p * are rew 
exotics* s o ' t h a t the 6 runctfion (slope of («Cu)) always 
remains negat ive. in F ig . 2, there a re too nany 
exot ics below A ; The threshold for producing the 
exceeding exotics I s u-2m, .above which TlCD i s 
p o s i t i v e . However beyond A QCO i s again negative 
s ince the computation la done in terms of preons. 
dote the i n t e r e s t i ng multivalued plot of 8 versus « 
for t h i s case which, as explained, can happen qui te 
na tu ra l ly in a oomposite model. Each branch of t h i s 
curve i s computed per tubat ively s ince *QCD(p) i s 
small . The non~perturbative phenomena occuring via 
the underlying pre col or forces i s what gives r i s e to 
such a non-pertubative looking curve. 

For these mechanisms to be useful for electroweak 
symmetry breaking there should be some exotics 
carrying electroweak quantum numbers, such t ha t 
Al »1/2. These could be of the form <r,2) *Cr,1) 
where r i s a complex representa t ion of SU(3), such aS 
r - 6 , 10, e t c . , and 2 i s a doublet, 1 i s s ing le t of 
SU(2) . The numbers of doublets and s ing l e t s sould be 
such \(hat the symmetry breaking preserves a custodial 
SU(2) (approxi ra te ly) . We cannot allow r - rea l 
( e .g . (8 ,2 ) ) since t h i s would lead to Al «1 via ( r , 
2 , ) , x ( r , 2 ) , - ( 1 ,3 ) . Any rea l exotic representat ion 
should not Simultaneously be a doublet of SU(2) 
e .g . (8 ,1 ) i s o . k . ) . As Marclano es t imates , 2 sex te t s 
together with the usual 3 families j u s t about s a tu r a t e 
asymptotic freedom for QCD, Thus, although there i s 
the pos s ib i l i t y of a composite model described by Fig. 
1, most models with exotics are l i ke ly to be described 
by Fig 2, if they play any r o l e in electroweak 
symmetry breaking. 

Models with exotics now being Invest igated wil l 
be described in future publ ica t ions . 
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Summary 
I consider the possibility that gauglnos be sub

stantially lighter than quark and lepton superpartners. 
After a br ie f review of the present l i m i t s , I go 
through several possible spectra for l i gh t gauglnos, 
photinos and w-inos, each leading to quite d i f ferent 
experimental signatures. 

1. At th is meeting, in most of the discussions 
on supersymmetry signatures, we have taken gaugino 
masses ranging from a few ten of GeV up to the Tev 
region.* 

Here I consider the poss ib i l i ty that gaugino masses 
- i n many instances not simply related to the scale of 
supersymmetry breaking- be considerably l ighter than 
the scalar superpartners of quarks and leptons, thus 
making some gauglnos more easily amenable to experi
mental search. 

As a mere way to produce sensible mass spectra 
for l igh t gauginos and discuss the corresponding signa
tures, I refer tc N = 1 supergravlty models giving r ise 
at low energy to a sof t ly broken, globally supe^sym-
metric SU(3) x SU(2) x U(l) theory 1 . Furthermore, I 
invoke an approximate symmetry (U(N), U(N,1)) of the 
basic Lagrangian enforcing the vanishing of the tree 
level gauglno Majorana masses . I mimic in th is way 
the situation of a renormalizable supersymmetric f i e l d 
theory which 1s known to produce gauglno Majorana 
masses only via loops. For example, in the gluino case, 
I believe that I t makes physical sense to start with 
a tree level vanishing mass, m^°'= 0, to avoid unwant
ed CP violat ion effects possibly related to an Imagi
nary part of rig in the neutron electr ic dipole mo
ment or in the QCD e-parameter. 

2. The laboratory l im i ts for a l i gh t gluino 
I nig < 5 GeV') coming f: orn beam dump experiments and 
stable part ic le searches, are summarized in Figure 1 , 
taken from Dawson, Eichten and Quigg . These l im i ts 
are probably conservative, since they do not include 
the implications of the decay J / * + gg tbut yho knows 
the threshold effects due to the physical mass of the 
gluino containing R-hadrons 7) or the l imi ts on neutral 
stable R-hadrons produced in re lat ive ly low energy 
experiments (but there the relevant production cross 
5££H20!L3r*LyQ£§ r t a i n ) ' Nevertheless a gluino l ighter 
* see the ta lk oy John E l l i s 
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Fig. 1. : Limits on the gauglno mass as function of the 
1 ightest_squark mass. The gluino i s -assumed to decay 
Into a qq pair and a massless phot1no. The corresponding 
l i fet imes are also shown. 

than 5 GeV 1s not excluded. On the other hand, for a 
heavier gluino which decays Into hadrons and an unseen 
photino. I t s copious pair production in pp col l is ions 
allows to exclude a mass window 5 GeV < nig < 30 GeV 
already at present*. 

The photino 1s more elusive than the g lu ino. For 
a scalar electron heavier than about IUU GeV -the 
situation I w i l i mostly consider- there is no l im i t 
at present from laboratory experiments on stable or 
quasi-stable photinos. 

As Is well known, assuming the conservation of 
a discrete R-parity, the consequent s tab i l i t y of the 
l ightest supersymmetric part ic le allows to l im i t i t s 
mass due to cosmological considerations. The photino 
can be stable only 1f i t s pair annihi lat ion into quarks 
or leptons via scalar exchange 1s e f f i c ien t enough to 
reduce I t s cosmological mass density below Zxlu gr/cm. 
In tu rn , th is sets a lower U n i t on I ts mass, m^, which 
*"ee~the ta lk 'by John E l l i s 



rapidly increases with the mass fC of the scalar qutrk 
or lepton exchanged : typ ica l ly ar» £ 1*2 GeV for Mg -
40 GeV, * t > 10*15 GeV for H $ « 100 GeV 4 . On the 
other hand, odd as I t night be. a stable gluino would 
always annihilate su f f i c ien t ly fast Into a v i r tua l 
gluon not to give any appreciable contribution to the 
cosmic mass. S t i l l there would be residual gluinos with 
a number density re lat ive to hydrogen of about 10 , 
forming neutral stable nadrons, l i ke (gg) bound states. 
In turn these states would bind to nuc le i , giving r ise 

E 

to anomalous isotopes. From studies of 0 , g th is i s 
excluded for masses between about 5 to 35 GeV. On the 
other hand, the comparison of chemically versus physi
ca l ly determined masses 1s not accurate enough to give 
any other constraint. 

3. Witn reference to the theoretical framework I 
have already mentioned, one can discuss four types 
of l i gh t gaugino spectra with d i f ferent experimental 
implications and di f ferent degrees of p laus ib i l i t y , 
depending on the value of the gravit lno (m) and the 
top quark mass (m f c)* 
1) (lTeV<m<10 TeV.ny.50 GeV) 

\ = m^ = 20 + 50 GeV 

n^ a 20 t 50 GeV 

im. 7 + 15 GeV v 

One is led here to a rather classical phenomenology 
for supersymmetry searches, the present pp col l ider 
being quite suited to perform th is search. The reac
tions of interest are 

PP-*-gg-*-Jets + missing p T , 
as already mentioned, and 

pp-#-W + anything 
U- wy 

pp-*2 + anything 
i v i . U. ww 

with the w-1no decaying,most of the time,1ntc a pho
tino and a v i r tua l W. The signature for w-1nos 1s the 
missing energy carried away by the undetected photinos. 
i i ) UTeV<m<10 TeV, m t <35 GeV) 
Comparing with the spectrum 1n 1) the l igh t top could 
give rise to a gluino l ighter than the photino. Odd 
and unlikely as i t appears, th is si tuat ion i s , however, 
not excluded. Now I t 1s the photino that decays Into 
a gluino plus a qq pair and not vice-versa, with t yp i -

qq . 11 

cal l i fet imes of l o " 1 0 • 10" 1 1secs. The most s t r ik ing 
consequence would fee the absence of the missing p* 
signature associated with supersymmetric part ic le 
production. Bean dump experiments are obviously I r re le 
vant. This seems to be the worst case for an experimen
ta l search, although probably a careful analysis of W 
decays could s t i l l reveal the w-ino decay mode 

w * t + v l r t isl N 
L 

L- g + qq 

111} (150 GeV<m<4U0 GeV. m t° 50 GeV) 

m£*r£ * 20 • 35 GeV 

m\. * 400 * 700 HeV 
Y 

This is the classical case already discussed by Farrar 
and Fayet a long time ago. Although the gluinos are 
copiously produced In hadronic co l l is ions, the i r detec
t ion could be obscured by nonperturbative ef fects. Un 
the other hand, the re la t ive ly heavy scalar quarks 
{flic* m^l50 GeV) can make the gluino l i fet ime long enough 

3 _in _g 
(> 10 « lu sees.) so as to make the beam dump exper
iment (ineffective and rattier suggest searcnes for anoma
lous tracks or decay paths In haaronic co l l is ions. In 
th is situation tt9 most promising way to look for super-
symmetric signals is the search for l i gh t w-inos and z-
inos 1n U and Z decays. A non negligible f ract ion of 
l i gh t gluinos 1n the proton could give r ise to single 
squark production in high energy hadronic col l is ions , 

* The top quark mass enters into the determination of 
the gluino mass, scaling approximately as m?, si> :e 
I assinte. In order to make a predict ion, that the top 
1s the heaviest coloured part ic le exchanged in the 
loop for the radiative gluino nass. For r^re detai ls 
see ref , 6. 

Again, one may consider, as in i i ) an inversion of tne 
spectrum between gluinos and pnotinos. Suppose that the 
only stable gluino containing R-hadron, with a mass near 
1 GeV, be e lec t r i ca l l y neutral . I t could possibly have 
escaped detection so fa r . The remarks made in i i } on tne 
missing p, signal apply /sere as wel l . 

Looking back at the cosmological constraints, in a l l 
cases, 1), 11), 111), except the last one, i v ) , there is 
a conf l ic t of cosmology with the spectra that we f ind : 
another part ic le is required to play tne role of the 
l ightest superpartner. As a poss ib i l i t y , one can think 
of a gauge singlet fermlon, z, maybe needed for inae-
pendeni reasons, with a mass < 1 KeV , In th is case, one 
would have photino or gluino decays^-*- y + z (g + g + zj 
with typical ly long l i fet imes. 1 t 1U sees. 

4. The present status of supersymmetric models does 
not allow any f i rm prediction of the various gaugino 
masses. For th is reason, i t Is useful to keep in mind 
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that a light gauglno spectrum 1s far from being excluded 
on an experimental basis. One has 1n fact* various 
options which, even with different degrees of likelihood 
give rise tc dlfferen* alternative phenomenologles not 
to be discarded a priori. 
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