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PREFACE

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

|

This issue represents, at present, the most compelling scientiiic argument for the need to explore the
energy region to be made accessible by the SSC, und 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 datection 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 Leboratory.

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. PHY-84-01063

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
Mary K. Gaillard
Ian Hinchliffe
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OVERVIEW OF THE LBL. WORKSHOP

Ia» Hinchliffe
B Lab

24

University of Califoraia
Berkeley CA M4720

This overview of the LBL Workshop on Electro-Weak
Symmeiry Breaking at the S5C is provided as a brief guide to the
more detailed papers which follow. It is based on & talk given at
the opening of the Si kshop and s i ded mainly fora

b ical audi The expressed in this overview
are mine and do not necessarily represent the view of the majority
of participants.

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

These groups discussed
1. Nob- Standard Higgs
. Intermediate Mass Higgs
. Non-Siandard Higgs Bosons
. Strongly Interacting W’s and Z's
. Supersymmetry
. Interpretation of Unusual Events from CERN aud DESY

R R Y

. Compositeness

The reports of the the subgroup cbairmen can be found fo)lowing
this article.

In addition, a number of semirars 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. The 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 the status of European
Facilities. Other talks were given by Jay Marx (reporting on the SSC
Relerepce 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 (reporting on the ICFA meeting heM in
Japan in late May, Ref. 4), and Chris Quigg (reporting on some
conclusions of EHLQ, Ref. 5). These talks all cover material which is

T will st comment on the events from the UAL and
UA2 collaborations with missing transverse energy (Ref. 7). The
invariant mass of the sysiem with the large transverse momentum
ia these events is quite large, the transverse mass of the jeis, lep.
tons, “photons” aad missing provides a Jower
bound on the invarisat mass of the partos-parton system which
gemerates the Bpal state. This transverse mass is given for the UA)
events in Table 3 of the report whick shows that it is of order 100
GeV, The UA2 eveats with leptons and jets have 2 total invariant
mass of order 150 GeV (roughly the same as the jet-jet mass peak
also claimed by UA2) if they are interpreted 2= fnalstates of W plus
jet. The typical mass of the partoR-parton <ystem in either case is
of order 150 GeV. Im order to have a chance of explaining the rate of
these events, the cross-section i the parton-parton system must be
due to strong 1 i and the particies in the Sual state will be
strongly interacting. This simple observation follows from the typi-
cal valuves of parton momenta which are required and the behavior
of the parton distribution functions. The “old” physics background
to these events is from W/2 -+ Jet fnal states which has a partenic
cross-section of order a,a and is consequently much too small to
explain the signal given that the W/Z has to decay leptonically in

order to the missing

The only candidate proposed by th before the events
were found is supersy ry which g events with jets and
missing er The diate difficulty is that one

naively expects events with several jets, two from events with squark
pairs and four from eveats with gluino pairs, Some of these jets will
either be soft or will coalese so that the physical final state counld con-
sist of fewer than the expected nvmber of jets. Figure 6 of Hall er al,
shows this effect. However, s 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, 2ithough the number of events is small, the
transverse momentum distribution is rather fiat in the UAL case,
another prohlem which is not obviously explained by supersyn-
metry.

All other did pl were i alter the
events wete found; they are summarized in Table 8 of the subgroup
report. None of them is very compelling, asd some fail to explaio
the ive f of the events.

readily available elsewhere and are not included in these dil

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.

The group looking at the 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 {L.. Hall, ot
al, Ref. 6). They looked at and )| d the various th
proposals fer these events. In particular, they tried to look for
common features of the events and to search for explanations which
are capoble of dealing with more than one type of event.

The events interpreted -5 Z decay to et e~ yor ptu—q
(Ref. 8} are summatrized in Table 2 of the subgroup report. The
most natural explanation is in terms of Bremsstrahlung. 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 explapations
discussed by the group are particularly compelling and most fail to
explaio the Dalitz distribution.

The other odd events found at PETRA (Ref. 8) ate at
a rather small rate and it is not completely clear that they arc
i i with b d. There is only one event from CELIL.O
of the type p+u— + 2jets. Agaip they were not anticipated by
theorists although a number of explanations were discussed. The
conclysion of this group was that one should wait and see. If the UA1
events are real the next run should settle the issuc and provide more
detuil whick would enable some of the explanations to be excluded.

~1-



Higgs Rates and Signals

In the minimal Glashow-Salam-Weinberg'® model there is only
one particle remaining to be found; the scalar Higgs boson (H). As
discussed by C. Quigg,* the only unknown quantity surrounding this
particle is its mass, all its couglings are fixed. It couples to W*W - with
strength eM,/sin 6, to Z'Z" with strength 2eM,/sin 28, and to a
fermion anti-fermion Fair (each with mass m,) with strength
em/2M,, sin 8,,. The factor m/ M,, ensures that its coupling to fermions
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°ZH vertex can be exploited by using the decay Z + H u*y-
(or He *e~) where the u*u- (e *e~) pair came from the decay of a virtual
Z0.'"! The ratio of widths N2°+ e*e~HNI(Z°» e*e~)is shown as a
function of the Hi%gs mass
in Fig. 11." The Z% can
be formedine*e~ andata 102
luminosity of 10%° em~2 ! !
sec~!avalue of 103 for
the ratio of widths corres-
ponds to approximately L
one event every 10 days.
The signal is very clear, -
one looks for a peak in
the missing mass re- o3
coiling against the
lepton pair. There is
a background from the
production of two heavy
quarks where they both
decay leptonically. By L
imposing isolation cuts
on the leptons this back- 4 ! N
ground can be controlled. 07 20
In the e*e- channel, there 40 €0
is an additional back- My (Gev)
ground at low m,, from
e*e-+ e‘e- + hadrons
which imposes a lower
limit of about 8 GeV Fig 11.
upon the Higﬁs mass that The ratio T(Z » e*e~H)

one can see. /T(Zsu*u~)vs my,.

13 T
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* One other area of theoretical specuiation which was dis-
cassed by one of Vhe groups conceras the issue of compositeness of
quarks and leptons {Ref. 23). Motivated by the appareat arbitrari-
pess of quark and lepton masses, some theotists have speculated that
they may not be ek y but rather d of some “precas”.
No semi-realistic model kas yet emerged. Some sigmals for composite
structure at the SSC are discyssed in Ref. 5, but some work was
begun on the question “What happens if the scale of compoaitness is
1 TeV and hence can be crossed at the SSC?” There was ako some
discussion of the use of polarization for disentangling the strocture
of amy i ti caused by posil

Finally, T woul like to thank all those who helped to
wake this workshop so enjoyable and fruitfal. My co-organizers
Maty K. Gaillard 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 for dealing with the day to day runping of the workshop
and for assisting in the preparation of these Proceedings, and finally
to all the parti ts lor their and hard work.

This work was suppotted 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 Reseatch Grant No. PHY-84-01063.
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INTRODUCTION TO THE WORKSHOP:

ELECTROWEAK SYMMETRY BREAKING AT THE TeV SCALE .

Mary K. Gaillard

Lawrence Betkeley Laboratory sod Depactwent of Thysice
University of California, Berkeley, Caslifornia 94720

Jotroduction
As viewed from today’s p 1) k k Yy
brnlunguboth the central mubhuﬂ-odhy in the
TeV region, and the most compeliing argumect Ser the need (o explore
that region. While the picture may -:llnp u-ideublyvnr the next
decade, it seems ble to focus th iom om this issue
which is in fact very broad in terms of its possible ramifications. Such
a concerted effort can help to sharpen the scientific case for the SSC
"and provide fresh theoretical input to the ongeing series of workshops
and studies aimed at forming a 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 collisiens. I will follow with an
example of a possible acenario for the first manifestation of
electroweak symmetry bregking at the SSC

State of Model

In a sense we are reaching the end of an era in the study of
electroweak interactions, which are by now well undenwod &5 bemg
described by the L ian of a renormali
broken gauge theory. The list of successes and precuu, qulnutauve
predictions is impressive. The attempt to understand the four-fermion
charged current interactions in terms of a renormalizable theory

Imi d in the prediction and sub cbservation 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 exi: of the (t,b) quark doublet; indeed,
the entire third family of quarks and leptons had been anticipated in
attempts to incorporate CP violation inta the theory. Of this family,
the t quark still awaits confirmation, as does direct evidence for the
Vq.

There are hints from CERN that we may already be embarking
on a new era. Possible interpretations of the z00 of intriguing SppS
events were the focus of one of the workshop study groups. Whether
any of these events really reflects new physics, as oppnsed to the
tradnhonal hlccups which tend to accompany the opening up of a new

of experi ki should be settled by the eoming
generation of facilities: an upgraded SpBS, TeV I, SLC, LEP and
HERA.

In any event these fanhtxes wnl] provide a thorough testing of
the standard medel, includi ts of thew and 2
masses and widths. In parhcular the parameter p = m is
sensitive to some high mass phenomena through ra; latlve
corrections. The high yield of Z's at SLC and LEP will permit searches
for rare decays, About 5000 W —» tb events should be produced at TeV
I for an integrated luminosity of 1087cm’2, which should allow a rough
check of GIM-KM unitarity.

An important aspec! of the standard electroweak theory which
has not yet been Lested is the complex of tnhnenr and quadrilinear
self-couplings of gauge bosons. Measurements ofete” = WHW=- at
LEP1l and of qg = WW, W2 and WY at pp coltiders will provide rough
checks of the three vector boson coupling atrengths, For LEP running
somewhat below the two-W threshold, the process e*e~ — eWv
should allow e similar rough check! of the magnetic moment of the W.

Itis po-ible that the "observed” electroweak gauge group

SU(2), x U(1)isembadded in a larger group: TeV Ishould be able to

!l‘ additional heavy Z‘: vnth masses up to 500 GeV if they have

g8 to quarks of h. LEP can search for very

huvy 's through propagator effects, while HERA will be sensitive to

heavy W's as well, and also (o the prasence of right handed couplings
for charged current reactions.

At Jewsr energies, the copious sources of kaons and/er B mesons
t0 be provided by CESR, TeV i1 and the AGS will help to pindewn the
parametars of the KM matrix, and in particular those goveraing CP
violation. Searches for rare decays will also provide prabes of higher
massscales.

11 T

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

If the standard Higgs has & mass my < 2 myy its decay will
probably be too indistinctive to allow detection ata n collider. A

possible exception is the case in which the decay H — 1 is
kinematically forbidden; then there is a amgail window of possible
Higgs masses for which the decav H + W + fi” may have a substantial
branching ratio®: BLH ~ W + 1) = (6 to 60% for m,, = (120 o 150)
GeV. Generally, a Higgs with mass below the twu-ul threshols d can
most easily be d d using missing mass teck inete
annihilation. For

m,; < 40 GeV, a standard Higgs could be found at SLC or LEP in 2°
decay, or, dependmg on the top quark mass (and possibly at
TRISTAN), via the decay of toponium into H + y. LEP Il can probe
for @ Higgs with massmy, = (2E,, . — m,) via the processe tom -~ 2°
+H.

In the event that such a "light” standard Higgs turna up at the
next generation of facilities, will the final chapter of weak
interactions come to a close? There is strang 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 srna]l in the presence of large scale

such as the hypoth d grand unification scale or the
Planck scale. In the comext of a weakly coupled renormalizable
theory, such “light” gauge basons require similarly “light” scalar
bosons, but scalar masses are highly unstable ageinst 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 nnd Z masses since they are governed by the

same hreski . This issue has received
less atuntmn, pmblhly because we haven't yet understood how to
the i In the case of the usual gauge

lnerarchy 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 hght by a glolml chlral
symmetry which is broken sp
technifermions, characteried by a scale parameter Ay
<Ppp> ~ A0,

which is the acale at which the presumed asymptotically free
technicolor interactions become strong. If ¥ is an electroweak gauge
nun-smglel the condensate also breaks the electroweak symmetry,
giving the observed Wund Z masses for A, ~ (ve G )'I = 250 GeV.
The exactly 1 bosans of 1y broken chiral
SU(2) are eaten by the WE and Z to hecome their longitudinal

This hypothesi predlcts @ rich spectrum of
uchmhndrons with masses in the TeV region. For ordinary fermions
to acquire masses, the theory must be extended in a way which

—4-
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leads to the prediction of additi .'_-_,_- Losons

Attempts to ile the deasity fi ired foc

«hat are nonllderlbly tighter. At present b
viable (nor grand unifiable) mode! for uchnmhr exists, but the idea
in sufficiently aftractive to warrant attention.

Supersymmetry.Since chiral symmetries control fermion masses,
mlnr masses can be controlled |l' they are superpartners of chiral

In practice, the gauge h u ulunlly implementad in
supersymmetric dels by exploi tead the ~

renormalization” property nf parsyt y which scal

masses against large radi Tha ol k b

scale is related to the lupenymmetry breaking scale which is
lly adjusted by hand. S is metiveded by other

arguments ‘a8 well, and may play a vital rele in the uitimate
connection between gravity and the observed gauge interactions. In
this case, it may or may not also provide the mechanin fer stabilizing
the Higgs mass. If it does, as in most popular models, ens expects to
discover lots of auperpariners of quarks and gauge bossns with masses
below a TeV-except in the perhape perverse but legically pessible
event that the Higgs mass is greater than a TeV and/er that tha Higgs
sectar “sees” supersymmetry bresking only thrsugh radiative
corrections, in which case many squarks, sleptens and gaugines could
have masses larger than the Higgs mass by an order of magnitude or
more.

Com Mlgness A third pouxbnln.y is that the standard model is in
fact an effe theory for d quark and lepton (and
gauge") fields which appear point-like at energies well below the
inverse radius of compositeness. Perturbative caleulations 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 & few TeV. Just as for

'hxy o joe with the shesrved h.ne of ity in the
microwave radistion buckground inveke particles which wers
umnllywﬁhmbyhumimym:

ha:e gravitines, axiens, sic.
Models for an inflati 'y acensrio patible with both
astrophysical obeervation sng particls phenomenslogy may require
additional new fields. Finally, we are at prosent Lotally muudnk on
the complex of issues including the spectrum of fermion masses, the
Cabibbo-KM mixing angles and CP violation.

Whether any of the sbeve issues is releted to tloetrownk
symmetry breaking is an epen question, and it is net possible to pin
down a mass scele at which their should be r fod.
However it seems likely that resolving the issue of slectroweak
symmetry breaking should point us in a clearer dircctisn towards
answers to some of the other questions.

Why is the TeV scale an immediate target? The mase of the
% wag successfully predicted by a simple formula:

my =(7VE G, m
where a is the fine etructure constant of QED and Gy is the Fermi
constant. In the standard model the Higgs mass is predicted by a
similarly simple formula:

my, = (870,V2 G, @
with the unfortunate difference that the “fine structure constant”

ay = A% @
appearing in (2) is the expansion parameter for the perturbative

'.hcory of scalar interactions, and is itself unknown, except for the
that the observed vacuum be ateble against radiative

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
Jeptons, in 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 ehould allow probes for
supersymmetric particles up to mass scales of about 100 GeV, and for
compositeness up to a scale ofabout 6 TeV The SSC will be able to
push these scales up considerably,? and should be able to weed out
technicolor if that is the mechanism which sets the electroweak
breaking scale.

Physics at the TeV Scale

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

One is the nov.-observation of the decay p — e 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 cbserved nueleon to photon density ratio. Furthermore, since the
observed spectrum of fermions is indeed an SU(5) spectrum, it is
difficult to imagine that the ultimate unification scheme does not
embed SU(5) at gome level. An alternative possibility is that the
unification scale is much higher than standard mode! calculations
prediet. 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 uncbservable 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.

:orrechons, suggesting m,; > 10 GeV.

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

The relevance of eil this to & supercollider is that a strongly
mterachng scalar sector cannot remain screened at very high
energies. The reuon is that @y also governs the strength of the self
couplings of the wtandz through their longitudinal components,
acquired by absorbing three of the scalars that together with the
physical Higgs particle form a complex daublet of the weak SUT(2)
Rauge 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 tu study their
properties as discussed above.

An analogous argument, based on unilarity and the observed
electroweak couplings of the standard model, leads to the
conclugion®€ that either W's and Z's wili develop strong interactions
at effective c.m. 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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£= £‘Illlv. lnlmr(g' GYul' mwz.m', §) - Vo), “
where the first term includes mass and kinetic energy terms and
gauge and Yukawa couplings, and £ is a gauge paramster, The
second term is the scalar potentisl; in the standard medel:

V(§,H) = m, 2H%2 + my *HOHP + H?) 2v+ m et +HYBE 5)

where H is the phys\cnl H|gg| p"rtlcle, & = (wt3,w") are the

y: scalars | of (W, Z,
w- ) in the unitary gauge, nnd v = 250 GeV i u the usual scalar
vacuum expectation value. The re]avmce of Lhe potential (5) to TeV
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We therefore considersd varisus mechaniems for the preduction
of a system of two or more W, ,Z,_lnl lldt.ulhphuty estimates
based on the E/v scaling lnv, wlneh is equivalent to the Born
imation that fies the current algebra
ints. W idered two 2) the Higgs mass sits
atits "unitarity limit” value® of a TeV, where it bacomes 30 broad that
mhhshmntof-mmlh"mdzz-nmuyh
problematic, and
b} 1 TeV £ Vi, < < my, (in this case tres unitarity breaks down in
the s-wave channal for Vg = 1.3TeV).

mmmmawwupmw-mm
turns out to be the analogue of the Cahn-Dawsen mechanism'¢ for
Hnmp-udumm(ru l) Atﬁrltluht. thhmldlppurhmvu

physics is that S-matrix el lwsand r's 1
from the Lagrangian (4) are eqmvnlant“ to the S-matrix elements for
external longitudinally polarized W's and Z's, up te corrections of

orderm, /E.

The potential (5) is characterized by a single unkrown
parameter, the physical Higgs mass my,. As duculled lbova, for a

in tn;hhd- at ecch qq'W vertex.
However this factor is onctly compensated for by the fact that, as
opposed to the case for transversely polarized vector bosons,
longitudinal W emission does nct vanish in the forward direction.$
We estimated the total yield from this mechanism using
puametenuuom of th: total WLWL cross uctwn !djuuterl to
the correct threst b

ling to light quarks is
suppressed by & factor my/Ey,

Higgs mass of a TeV or more, (5) describes a
system. However, one can try to exp\m!' the prnperty" that the
potential V is jnvariant under non linear transformations among
scalars, whose generators satisly the algetca of chiral SU(2) % 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 W's and 2's through veclor and axial currents

energy dependence, with or without a bmd (Higgs) resonance in the
energy region accessible to the SSC. In all cases, the yield of events
ml:)udml ape r oszl ir expected to exceed!® the Z-pair yield® from

] gav, ions for sufficiently high !ub—erergles for
the vector boson system. In contrast, the light 45 annihilation
chlnnel whxch can prnduce a significant yield of pairs of
lari: bononsonlyuu pun.l-'l state, is dominated

that are conserved up to carrections of order of the weak and
the W, Z squared mass. The situation is analogous to that of low
energy hadron physics where an (approximately) chiral 5U{2)
invariant strongly interacting system couples to leptons lhrough
(partially) conserved axial and vector Here the

vector bosonsW_, Z; = w,z play the role of the pions of hadron physics.
These general {'eatures are moreover not :pecxﬁc to the lundlrrl
model; the situation in a minimal is i 1
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 g-model, just as for pion chiral dynamics. The
atrongly interacting limit of the minimal Higgs model hus been
analyzed for the presence of bound states or resonances®1% Regge

poles,’! or skyrmions. 7 Recently Einhorn'? found that the leading N
behavior in a I/N expansion (here N=2I) for a chiral SU(N) scalar
sectar suggests that there must be a J=0 scaiar 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 approact adopted by
Mike Chanowitz and myself:? given that the longitudinally polarized
gauge bosons W,. 2, develop strong interactions, how can we
experimentally stuay dna strongly interacting systam? First, we
must preduce a system of two or more W, 2, which is not entirely
trivial, s W, and Z, couplings to quarks are suppressed up to
ecrrections of order m My, or mv/E In sddition we are working in
a regime where perlurhnmn Lhenry is not applicable. However, the

by pair production of d veetor mesons. In either
case the ZFW production ratio will be enhanced in the presence of
important strong interaction effects.

q/

Figure 1 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 bonns To lownt order in the weak gauge coupling constant,

e d h for duction of an odd number of w, z (or
W, 2,)is that of Fig. 2. For case ), my = 1 TeV, the cross section is
dommlv.ed by on-shell Higgs production and decay; for case b), 1 TeV

Ve < < m,, the Born npproxnmuon «cross section is constant, and,
if ex'npolllj to asymptotic energies, would exceed the cross section
for three W, Z production via conventi gauge ions which
muat (with Awmpnlle cuts on angular separation} scale as 1/s.
Unfortunately, for the energy range accessibls to the SSC the gauge
background apparently? dommnas three body produchon
presumably because of multiple in the
final stete.

degrees of fi
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The qusetions raised abeve are intanded te Husirate the way In
which thinking abeut 2 specific sconarie con rales Rarthar questions 2
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= Vic< mu.m&mlmﬂmtmmmu-
if 5y i mld uud the cross section
for three W, Z pe via 1 guuge i which
must (with nmprnu cuts on angular separation) scale as 1/s.
Unfortunately, for the mrp’ range accessible o the 35C the gauge
blck[round lpplrently' dommntu three body production,

degrees of freedom in the

3 "

ﬁnal state.

q/
Figure 2
On the other hand, if the scalar system is indeed strongly
interacting, events with four or more W's and Z's shouk: significantly

exceed the yield exp d from gauge lings alone. Howerer, the
multi-body event rates anticipated on the basis of the Bfv rule are
extremely small: for an integrated luminosity of 10%m-3andacm.
energy of 40 TeV, we found about 150 three body and 10-160 four body

events using the prescriptions described sbove. In tlnl case
backgrounds present o major probl ‘While ienal guuge
interactions® should not t & prohibitive back d for the
total yle]d ofmulh W, Z events expected from the iomm of Fig. 1,
the d two-jet QCD b ‘islnt!rl.hlndn-ulttw z
signal by many orders of d one I decay

still leavesi® an overwhelmmg background from Wor Z plul high pp
jet. An important igsue is thus whether the hadronic decays of W's
and Z's can be dxsu.nguxshed from QCD jets. The wisdom whl:h
d from di H t the pp is that a red
factor of 1/7 in the blckgrnund 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 Wand 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 lummnmy of 10“ em~see™!
Therefore better hods for th Wand Z deuys
from QCDjets are highly desirable, not only for the scenario disenssed
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
my; < TeV) standard model Higgs, a technirhr, etc. Scnul]l”“llls
considered ihe possibility of measuring the angalar separation
between individual particles in a jet. He concluded that the
background reduction factor could be improved to about 1125 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 tatal estimated® yield of mulln WL, Z, events with mvmnnt mass
ahove 500 GeV is three ta ten th d for an i of
109 cm~

1t might also be possible to extract a signal for strongly
interacting vector bosans by less direct methods than identification of
individual multi W, Z,_events, such as an anomalously high yield of
W and Z leptonic ri'ecays and/or an anomalously high Z/W ratio in
events with total transverse energy above, say, 500 GeV. If the muon
angular dlstnbuuon inZ— uu can be meuured it might further be
18 o dinally polarized 2's

in this sample These questions clearly require further study.

On the more theoretical side, a better understanding of the
dynamies of a strongly interacting W, 2, system, or plausible models
of such a system, mlght gue a better indication as to whether the low
yield of events with i) = 3, esti d® by lating the
requlred threshold behnvmr (Adler zeros} is a fnr guen or whether

fully?} it under the multi-body event yield.
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‘THE IMYERMEDIATE MASS HIGGS )
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{Representing the intsraediats Mass Higgs Subgroup)®
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Suamary

The subgroup concentrated on two problems. The
first was how to search for a standard neutral Higgs,
H°, in the intermediete sass range, 2m,< Ey< 2ay.

The only method not obviously swamped by background is
#° production in association with Wi, with H*+tt and
W+lv. However, this strategy puts great desands on
_the ability to identify t-quarke efficiently. The
second problem addresssd was the detectavbility of H° .
in the mass range 200 to 400 GeV., The question of
signal versus background for a fusion-produced H® wa=
réexamined. Heavy H° pr ion in ion with a
Z° was also studied. The fusion process, with H® de-
cey to WYW~ or Z°Z°, remains by far the wost promis-
ing way to look for B heavy Higges scalar.

I. Introduction

Whether one believes or not in the validity of
the minimal standard electroweuk model with a single
Higgs doublet,? the impoi'tance of confirming or exclud-
ing the existence of the physicai scalar, H®, of that
model can hardly Me overstatsd. It is not surprising,
therefore, that a great deal of attention has been
given to the rates for signals and backgrounds for He
production. As we shall briefly review, most of that
attention has been focussed on H° masses lers than
about 2m; (~90 GeV?) or greater than 2my. The inter-
mediate mass Higgs (IMH), with 2m;< 2my, has re-

3
G
F(H*4Z°2°) = a—%“’lsﬁz"ﬁ'm';"’;"1""2"’:# {2p)

Only & multi-TeV hadron collider cen access Eich a
heavy Higgs. There, the primary production mechanisas
ars two-gluon fusion? and W and ZZ fusion.® The sig-
nals and two-gauge-bOSON backgrounds have been dis-
cussed in detall by EHLQ,” who concluded that & 30 TeV
collider with fLAt=10“°cm™Z cen reach up to my=1 TeV.
Beyond that mars, the H° is expected to be so0 wide
that it would be unrecognizable as a resonance in

WV and ZZ production. At the same time, partial-wave
unitarity breaks down in electroweak perturbation
theory,2? so that signals of the s.rongly-interacting
Higgs sector should be seen.13.12

The two topics studied most intensively by the
IMB group were:

(1) Methods of searching for the intermediate
mass H°, 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 &, indicate that the ordinary ti background
swamps the H® signal. Thus, most attention was placed
ont the less background-dominated processes ;73}>-'I|"~ut
and piprH©4Z°,19 with HO4tT, The signal has a cross
section of only 0{1 pb), but the background (for the
first process} is a factor of 2 or more smaller. In
all of this, we took as & ground rule that t-quarks
could be positively identified with finite effi-
ciency. The discussion and {(precliminary) results for

celved comparatively little stuvdy, presumably
the experimental chances looked slim, if not hope-
less. The IMH subgroup’s main task was to look care-
fully at this mass reglon 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 4t Snowmase. The IMH subgroup
also extended their charge by looking again at the
signals and backgrounds for H°® with mass between 200
and 30D GsV.

Strategies for searching for both light (my< 2m,)
and heavy (an>2 ) Higgs have been discussed exten-
sively in the literature. The 1light Higgs is primar-
i1ly the property of e*e- colliders. (For a review,

see Ref. 3.) The principal methods that have been
proposed are e*e~ annihilation to:
Y(bb) or E(tE) + Ho 4+ y ,° . Qa)
o, - s
zr+zv+H.zv-09.l. N {1b)
o - L]
zv~2r¢H.zr-oll . (le)

The radiative decay from E should be useful for H®
masses up to about 0.9m.. The decay of a real 2° into
a virtual one plus H° id sensitive to my< 45 GeV,
while the search at LEP II using virtual Z°°'s can ex-
tend that 1limit to about 60 GeV (for vs=175 GeV and
L=2x1021cm~2gec™1). 7The rates for all these electro-
weak procsses are precisely known as a function of my
because, in the winimal model, all of the H® couplings
to gauge bosons and fermions are completely specified.
If the recent report of the discovery of thz top
quark, with a mass of ~4% GeV,€ holds up, the Wilezek
process® may prove the most definitive way of search-
ing for the light standard Higgs.
Once its mass exceeds 2mg, the H® decaye almost
exclusively to W*W- and to Z°2° with the rates
3
am.
- FE 2, 2 4, & 2, 2.%
T(Hesw'W) = STls(a 16ny/mis 1on0/n) C1-dmy /) (28)

He pr ion in ion with weak gauge bosorns
are presented in Section II.

{2) More in-depth sZuly of signal vs. background
for H® with mass in the range 200-30C GeV. It was
felt by zomel® tkat EHLQ had underestimated the veal
WW and ZZ background to pEpeHe+WW or ZZ, so thac this
process was not suitable for finding a heavy Higgs in
this lower mass range. Ccnsequently, an attempt was
made to estimate the background more conservatively,
still assuming that real W- and Z-pairs constituted
the only true background. Motivated by the possi-
bility that the EHLQ estimates had been too liberal,
wembers of the group olso looked at the H°+W: and
He+Z° processes. The revised background estimates anAd
results on associated H® production are given in Se
tion III.

II. Searching for the Intermediate Mass Higgs'®

In a hadron collider the dominant production
mechanism for the standard npeutral Higgs with
my< 20C GeV is two-gluon fusion.’s® For my< 2my, the
H¢ decays to the heaviest fermion-antifermion pair
that is kinematically accessible, and it has long been
believzd that backgrounds dwarf the signal for any H®
masE in this range.? The situation 15 epitomized in
Chapter & and Figs. 4-51 {Fig. 157 in Rev. Kod. Phys.)
and 4-52 (158) of EHLQ, for my=30 Gev. By definitiua,
the IXH decays to tt. The production cross section in
a A0 TeV collider, with both t and T emitted in tne
rapidity interval {-1.5, 1.5), falls {rom 0.1 nb at
my=100 GeV to 0.03 nb at my=2my. Even under the hope-
ful assumptions that t-quarks_can be identified, that
the only background is true tt-jet produciion, and
that the t-invariant mass resolution is 10 GeV, the
background is at leest 50D times the signal. For a
t-quark mass of 45 GeV, the signa) is still more than
200 times smaller than this most optimistie back-
ground. s

Therefore, it was decided to consider assocliated
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production of H® with a weak geuge boson, either Wt or

+ 2°. Thizs is the analog in & hadron collider of the
Bjorken process.®:1% Although the cross sections are
0{a?), assoclated production of sn intermediate mass
H® has a much more favorable signal-to-background
ratio than gluon fusion so long ms ons tags the out-
going ¥ or Z and identifies top querks sfficiently.
The differential cross sections for the 93 annihila-
tion lubprocanu, lvon(od over colors, are

(q 3 ~u-u*)-—3~— ("‘)(—L]. ‘("b“"“‘ e) (3n)
A3sin eu 78 .H
2 2, .2
o [(Tai-niun °u) v(Q,_lin °u’ g

L) L)
2asin ovcon eu

and

4 -
a2y Heze)

x (—)(——) (l +—11n 26} (3b)
.2

where k 17 the c.m. momentum of the final particles, @

is the c.m. seattering angle and K44 is the appropriate

¥Xobayashi-Maskawa matrix element (K =3 _ in calcula-

tions). The corresponding total cross sections are

Kyl
sty o A (21

atg,q
13 sesinde, vB 8-

) (k 031") {an)

2 25 42 2. ,2
Ta [(ru-aiun 0y +m‘un 60 )

a{q,q,+H°z®) =
1 18s1n*e ces’s,

2, 122 02
x (I;)(;zg) (x amz) . {#b}
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Fig. 1. Total cross sections in pp collisions for H®

production in association with ¥, (From Refl. 9).
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The total, uncut, cross sections in a pp collider with
V5=10, 20 knd A0 TeV are atown in Pig. } for N*s¥? ana
in Fig. 2 for H%2®. (Toess &rs adepted from

Figs. 4-%3 (1%9) &nl 4-3% (161) of EWAQ.1 The cross
mections in m pf collider are indistinguishabdle. Ve
ses that, for the IMH mass range and vs=A0 TeV,

ot pp*H W) =26 ppH®+2%) =101 P,

The signal for associated production is two top
Jels from K* plus the weak boson. To slinminate large
multi-jet btackgrounds, it was decided, and it probably
is necessary. to tag the W or Z in its leptonic (e or
¥} Gecay modes. It wes assumed furthsr that the
t-quarks could be distinguished from other flevars and
fros gluon jets. This optimistic assusgtion received

Buch study at Snowsas:.2?:1¢ Then the background
DroceEses are ppigsW; gotl (Fig.3m), mnd pprge2%;
gott =nd pprggatt+2® (Fig. 3b). It takes no calcula-
tion t2 ses that the signal-to-background ratlio should
be considerably Letter for H*+¥%, and so all attentlon
was focused on that reaction. Since tnsre iz one
misning neutrino from the W, the t and T will have to
be identified in their nonlaptonic decay moxies. Tnis
puts a speclal premium on ine ability to distinguish
t's from b's, not to mention lighter flavors and
gluons. If this canuot be done efficiertly, it is
clear that the backgrounds are hopelessly large once
again.

The signal and background cross ssctions for
PP*H*+U* {only), H®+tT in a A0 TeV collider are shown
in Fig. &4.1%. Here the top quark mass was taken to be
40 GeV. The cross sections with a W~ emitted are al-
sost identical. Also, they are not significantly Jif-
ferent if my=30 GeV or 50 GeV ir used instead. In
these calculations, the following cuts were imposed tc
enhance tiie signal and take account of the Pinite cov-
erage of real detectors:

T T T T T
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E pp—= H+Z°
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T
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Fig. 2. Total cross sectlons in pp collisions for H°

production in association with 2°. (From Ref. 9}.
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In Fig. 4 there is no additional cut on the t and T
directions. The background was calculated assuming a
t? invariant-mass-squered resolution of 0.1 Z . Aso
shown in Fig. & is the ~ste for the potential back-
ground, pp+tbW*, divided by 100. This reaction pro-
ceeds mainly by two-giuon fusion of the final state.
The cuts of EG.(6) are put on the W and tb-system. It
15 clear from this plot that the b/t discrimination
must be better than ~10% if the signsl 1m not to be
gwamped.

To get gome idea of the demands on machine and
detector that the curves in Fig. & imply, let us estl-
mate the minimum effective integrated luminosity re-
quired to discover the IMH in amsociated production.
For this, we assume that the b/t discrimination is
good enough to igrore the TbW beckground. We require
that there be at least 100 mignal events in a standard
107 second run and that these represent at least » 5
standard deviation excess over the tiW tackground. We
assume that Wev Bnd Wuv are detected with 100% effi-
ciency when pr(¥) > 40 SeV. Then, since we require
that both t's decay nonleptonically, our “"discovery
criterion” amounts to

LI ZB(H-’eu)(:‘B(t*bqa))zv(ﬂ"u)h.dt. > 100 (6a)
6b
Ms/vlll"“ >S5 {6b)
wnere
-2 -
Bova = ZB(U"B\:)(:tB(t-'bqq)) al{tiv)jLat {6e)
For the

and ¢y 18 the t-quark detection efficiency.
cross sactions chown in Fig. 4, doubled to include W

12 ——— ]
Stondard cuts: Vs = 40 Tev 1
10 =
T ipby ]
oB =
06 -
04 -
L SR
—_—r T ——— B
ozkr TTTe———o
=] ]
N | S I . . ]
00
80 100 120 180 160
My
Fig. A. Cross sections At vs=A0 TeV for pp+Ho.vw*

{s0lid 1ine), ppeg+¥*, g'tT (long dashed 1line) and
pp-'tbow" divided by 100 (short dashed line), from
Ref. 15. m =40 GeV; cuts are given in Eq.(5).

as well as U*, the requirement of 100 (or even 50
events) is the most stringent. We find that ¢? [Ldt
pust be at least 6x10%* if mg=100 GeV and at léast
2X10 if my=160 GeV. Assuming integrated luminosity
of 1040 ca™, these estimates imply ¢, =25-50%. These
are extraordinarily, perhaps unrealisticelly, high
detection efficiencies. However, it is so important
to have ths capability to confirm or exclude the ex-
istence of a Higgs scalar in the intermediate mass
range that much more work on the problem of efficient
t-identification at high luminosity is well-justified.
$,14,19

Higps Detection for 200 GeV < : < 400 GeV

The reach of a supercollider fo- & standard neu-
tral higgs with my > was determined by EHLQ as
follows: They considc =d the processes pip-Hesy+W-,
2°Z° via both two-gluon and two-weak boson fusion.
The background to these processes was assumed to be
due only to true WW and ZZ production, respectively.
To estimate the background, they essumed further that
the weak boson invariant mase resolution was the
greater of 10 GeV and the total H® width, Iy. The
signal and background rates thus determined for a pp
collider with vs5=40 TeV are shown in Fig. 5 for WW
and Fig. 6 for ZZ. HNote that the rapidity of each
weak boson is mssumed to lie in the range (-2.5,

2.5). Finally, the collider reach as & function of
machine energy and iuminosity was determined by
requiring that there be at least 5000 HO-WW or ZZ
svents and that the signal sust stand above the
background by at least 5 standara deviations. ({(The
number of events required is large enough to guarantee
tiat the H® could be discovered, if need be, in
H9+Z°Z° with bhoth Z° & decaying to e*e” or u*u~.)
This discovery criteriosn implies that a 40 TeV colli-
der with JLAt=10%° cen mccess the oy range from 2my
1o 1 Tev.

The EGR collmboration?® argued, perhaps justi-
fiably, that EHLQ's estimate of the WW and 22 back-
ground ie too hopeful for low H° masses {see mlso Ref.
20). They proposed instead that the pair invariant
mass resolution be taken to be the larger of /19 and
- The twa methods agree for my > 500 GeV. Below
this wass, EGK found that the backgrounds exceeded the
signals by a factor of 3-5.71 Thus, they concluded
thet the fumion-produced H® would be very difficult to
discover for = 200 - X00 GeV.

In their calculations, EGK placed no restriction

III.
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Fig. 5. Cross sections and backgrounds for pp+H®+any-

thing, HO+W*W-, at vs=20 TeV. The sashed line 15 gg
fusion of H®, the long-shor: dashed line im WW and 22
fusion of H°, and the solid line is the total cross
section. The dotted line is the WY background a5 cou-
puted by BHLQ (Ref. 9) and the dash-dotted line is the
revised background sugge-ted by EGK (Ref. 14).

on the weak boson rapidities. This favore the back-
ground relative to the slgnal because the ordinary
electrowesk production of gauge boson pairs 1c peaked
forward in their c.m. freme, while their production
from H® decay 15 isotropic in that frare. The rapi-
dity cuts imposed by EHLQ thus enhance significantly
the signal-to-background ratlo. The net result of
EGK's poorer mass rgsolutlion snd the cuts is shown for
vs=40 TeV in Figs. 5 und 6. For H°WW, the signal/
background 18 about 1/i over the entire mass range;
For He+ZZ, it is about 2/1. At vs=10 TeV, the
revised signal/background is ~1/2-1/3 for HO-+WW Bnd
~1/1 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 revisea backgrounds are never a
limiting factor. Thus EHLQ's conclusiona on the reach
of a supercollider as a function of lumlnosity and
c.m. energy remain unckanged (see Fig. 4.50 in

Ref. 9). In particular, assuming realistic ¥ and Z
detection efficiencies,?? experiments at a 40 TeV col-
lider with [E41=10“%cn™? can discover a heavy Higgs
with mass in the range 2my-1000 GeV. At the seme lu-—
mirosity, a 10 TeV colllder can reach only to

my=350 GeV¥, a 20 TeV collider to 650 GeV.

As a hedge against the possibility that the sig-
nal for pprHe+anything, HO-W*W~ or 2°Z°, would be
"drowned” by the background for Higgs masses in the
range 200-400 GeY, Ellis and Sharpe’®+3? investigated
the assoclated production pp+He+Z° with H°+WW or 2Z.
The trigger topelogy is Z°+e*e” or w*y~ plus four
Jets from the two additionel weak bosons. One then
has to plot the invariant mass of one puir of jets
agalnst that of the other pair, select ¢vents with

W' —r— T
? pp — H+ anything
oinb) } L. z92°
\ /5 = 40 Tev
10 Iyl< 2.5
AN ]

—~—— 3
| ‘\\\ ‘-.""-.
RN

1074 =
- ~N
o N
- N
~N
L N
\~
10~ b ! L1 ! I !
0.2 0.9 0.6 0.8 1.0
Mass (TeV)
Fig. 6. Same a3 Fig. % for gp*H°smnything, HO-+Z°2°,

K, M, ,¥my, G2, and then look for an enhancement in
the four- jet mass.

As of the Berkeley Workshop, £l11s and Sharpe had
not done dstailed calculationa of the signal and
background with cuts. However, e can estimate the
signal rates as follows: FPros Fig. 2, the total
H°4+Z° cross section in a 30 TeV culider ic seen to
fall from 0.5 pb at ay=200 GeV to 0.05 pb at zy=400
GeV. Including the Z°+g*e™ branching ratio (~6%) snd
allowing no more than one ¥ or Z decay involving a
hard neutrino, we expect no more than 2 x 1077 to
2 x 1072 pb of signal in this mass range. 7This
amounts to at post 200 (20) events for a 200 (&00) GeV
H* produced at 40 TeV with [Ldt=10%°. The back-
ground is unknown.

By comparison, the cross section at ve=40 TeV for
pprHe+ZoZe, with lyzi< 2.5, is seen from Fig. 6 * to
fall from 10 pb At my=200 GeV to 2 pb at my=400. The
background from continuum ZZ production 18 szall. 1F
it is necessary to tag one of the Z°'c in 1ts e*e~ or
w*y~ decay modes, this amounts to between 12000 and
2200 events per year at [Ldt=104°. Inclusive H® pro-
duction via thz fusion mechaniszms thus remalns the key
to discovering a heavy Higgs scalar.

Conclueions

Definitive testes of many of ti.e scenarios for new
physica in the i-TeV energy regime will require effi-
cient identification of heavy quarks and lepions and
of the ¥ and 2 bosons. 1In particular, the search for
an intermediate mass Higgs scalar apparently requires
very high t-quark detectlon efficiency at high colli-
der luminosity, of order 25-5C% at [LAt=10%° cm™3.
The situstion 18 not hopeful. But the lmportance of
being able to cover this Higgs mass range warrants
continued study of this problem.

For a neutral {iggs heavier than 2my the two-
gluon and two-weak boson fusion mechanlsms give large
procuction rates and the true ©Y and ZZ backgrounds
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are quite mansgeable. Semrching for the heavy H*
should be siraightforward with only modest W and 2
detsction efficiencies. The rates lor production of a
tieavy H® in associetion with a Wor Z are small. If a
heavy H® exists, the cbservation of this process will
make for an interesting second-generation experiment
at the S5SC. Meanwhile, much more study of the signal
and, espescially, the background rates is needed.
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Summary

We have considered the prospects for producing and
detecting very massive (eg. 100 GeV - 1 TeV) nonstan-
dard Higgs bosons at s high energy pp collider. By
nonstandard Higgs bosons we mean the additional color-
singlet spin-0 particles that cccur in most extensions
of the minimal (i.e. one Higgs doublet) SU, x U; model.
Our main conclusions are: ({a) The physics of nonstan-
dard neutral Higgs particles is likely to be very simpi-
lar to that of the aeutral scalar in the minimal model.
(b) Massive charged Higgs bosocs will probably (ie. for
most models and most parameter ranges) be very diffi-
cult to produce or detect, especially if their dominant
decay is into t B,

(¢) The Wrzn~, W™
cially interesting.
(d) The identification of t and b quark jets, mass
resolution for jet pairs, and leptorn sign identifica-
tion are extremely important.

(e) More detailed studies of varlous production mechan-
isms and backgrounds would be very useful,

1
, and ZHOB‘) vertices are espe-—

Moeivationsls2

In the minimal SU, x uy model, spontanecus Symme=~
try breaking is accompiished by a single Higgs doublet
(implying one physical scalar particle). However,

many modifications and extensions require additional
elementary Higgs multiplets. These include most wodels
incorporating supersymmetry, the Peccei~Quinn solution
to the strong CP problem, spontanecus CP breaking,
spontaneous lepton number non-conservation, family sym
metries, etc. In addition, extra physical spin-0 parti-
cles emerge in most models without elementary Higgs
fields, such as composite Higgs® models or tEchnicolorl:

Existing Constraints

There are no siEnificanc direct contraints on neu-
tral Higgs particles- unless they are lighter than

= 1 GeV. In particular, the standard Higgs cannot” be
lighter than mg-my;. Experiments at PETRA require
my *>16 GeV for singly charged Higgs bosons unless
their couplings to Tv; are anomalously small. Alse, if

the UAI group has indeed observed the t quark (via its
expected semileptonic weak decay) one has mH=>m= - m,
for most models.

An important indirect constraint is provided by
the neutral current parameter p = \:n\%,/mz2 coszﬁw, which
is experimencally very close to unity. This strongly
suggests that only Higgs doublets or singlets have sig-
nificant vacuum expectation values (VEVs). Other pos-
sibilities Include (2) a custodial SUpg symmetry to re~
late the VEVs of other Higgs representations™*?. (b)
fine tuning, or (c) the use of some specific Higgs
representations with I > 3 which also give p = 1.

¥. Machacek, Kortheastern
N. Pham, Ecole Poly,
Roy, Tata

Sher, Irvine

Sikivie, Floride
Suzuki, Berkeley

P.

Another indirect constraint comes from flavor
changing neutral current (FCNC) limits, the .'(L- Kg mass
difference, ete. In particular, neutral 3liggs bosons
in general have dangerous flavor off-diagonal couplings
Thie_is avoided in models with natural flavor conserve-
tion®, in which the neutral zm=vber of only one Higgs
doublet courles to the charge 2/3 quarks, and only one
couples to the charge ~1/3 quarks (in such models the
Yukawa matrix for each charge quark is proportional :o
the mass matrix and is therefore flavor Jdiagonal). In
the minimal model the same doublet couples to both
types of quarks and the Yukawa coupling to quark gy is
hy = gmy/2My, where g = e/sinBy 1a the SU, gauge coup~
lng. In a particularly simple two doublet model, the
reutral member of the fiyst (second) doublet coubles
only to the charge 2/3 (~1/3) quarks, so that the cor-
responding Yukawa couplings of the weak aigenstate
Higgs flelds are

1 -
h:l. Al gmui/ZHw

2
ng =y Emy /2% W

where Al 5 > 1. Both versions cf the uatural flavor

nanservat':inn model can be gem~yalized (and the Yukawa
couplings enhancad) by adding addiriopal Higgs xulti-
plets with noa-zero VEVs but no Yukawe couplings to
quarks.

Another poseible solution to the FCNC comstraints
18 to suppress the unwanted amplitudes, either by fine-
tuning parameters or by assuming that the relevant
Higgs bosons are very massive (> several TeV).

Nonstandard Higgs bosons do not contribute signify-
cantly to g-2, nonleptonic parity violation, etc., for
mest reasonable mass and parameter ranges,?

There are a mumber of theoretical constraints om
Higgs ma!;szs. In the wminimal model vacuum stabilit:;
requires’s Bo 2 mey/vZ = 7 GeV, where mg, 1s the
Coleman-Weinberg? mass, while cosmological arguments7~1
suggest Dyn > By ~ 10.3 GeV. Note that these bounds

are weakened by a factor 1_(mt/81'2 Gev)lzjl‘ for a
heavy t quark or by a fourth fermion family. These
limits do not hold in nonstandard models (exceg:l for
bounds on a particular linear combinarion of m R

1

_There are no rigorous l?;;er bounds on Higgs masses.

In the minimal model my, = Y2Av, where v = 7 ep)-
= 246 GeV is the weak scale and X is the Higgs quartic
self-coupling, If A > 87/3 (mo = 1 TeV) one has a
strongly c8up1ed theorym-u and, in particular, tree
uni:arityl falls., However, this is not necessarily
disastrous: the effects of the strongly coupled Higgs
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e

gector are screened at low energiealz an 3t25re aay be
interesting consequences at high energy,™~? such as
Bigge-Higgs bownd states or multiple g_md 2 preoduction
For nonstandard Higgs it can be shown-~" very geuerclly
that the lightest physical neutral Higgs particiz o.st
satisfy m.q < /2% v, where A is a particulac quartic
coupling.

Two Models

In the twn-doublet lodelz vith natural flavor coa-
servation one has

-0 ~o

s A

Y, T (%3 }

1 2
- \ - @
" \"52/

where ’\1710 (’u\fzn) hus Yukawa couplings to the chargc%

(- l) quarks only. {The leptonic couplinge must ale:
be gpecified). This can come about because of some
edditional syms iry, such as supersymmetry or an addi-
tional global Uy or discrete syEetry. The VEVe are
<§,%> = v /VI, Wth (92 + w7 = v = 246 GeV = 2'ye.

The rbysical (mess elgenstate) Riggs particles are

Ve vy 0T o, B

where 9 is a mixing angle derermined (like vy and \:2)
by the parameters in the Higgs potential. Tanf is
typically of order vllv {times a ratic of quartic
couplings). For simplicity, CP invariance has been
assumed in (3), in which case Y.° and ql7_° couple to
fermions as scalars and \IJ.,“ as a pseudoscalar. {If
this assumptio: is relaxea then \}110, WZ", and ‘IJJO can
a2ll mix and the Yukswa couplings become mixtures of §
and P). The Yukawa couplings are given in Table 1.

For v, << vy v (34 v, [<4 vy = V) the Yukawa
couplings proporcional to u (Hd) are enhanced, The
existing constraint: are not very stringent, however.
For v, < v, one has (Abbott et al.?) I\le\Jl|<(2mw+/mc))=
frem the K.L-KS mass difierence, vhich is of D{10) for
m . % M, (this may be strengthened somewhat for a large
t quark massls). Saer am‘l_Silvex-man2 have recently
argued tiac |vp/r[<m +/v'm'tmc if the t quark decays
norma:1y, and have discussed (future) constraints from
toponium, The limit. on Vg < V; are even weaker:
fv /v, l<10 (a +/m5)" from D° # D° (Abbott et al.? and
<4.0(n5w_/mb) possible from b decay (Sher and Silvermand

Another interesting model (Machacek, ref. 5),
motivated by composite Higgs models3, leads to doubly
charged Higgs particles as well as new couplings. 1t
has an ordinary Higgs doublet X = (Xtx°)T and comp lex

+
—“’___7‘)‘ _z_
\ 22 M,

B v,
wig 21 d 1
[ R v 1-vg) + K % (1+75)}

d
o
_wl £ vV 6
—— .ZH‘. M v, ¢os
u
Hd — sinf

£ 1
ZHH vy

Table 1. Yukawa couplings to quarks in the tws doub-
let model with natural flavor comservation. MY and M
are the d{agonal mass matrices for tke charge 4 and
charge - 3 quarks, respectively, and K is the
Kobayashl=-Maskawa-Cabibbo matrix. The couplings for
¥2° are obtain~d from those for wl" by replacing

cosf + - sin@, sin® + cosf.

(V) and real (£) Higgs triplets

oot
¢ = vyt
U Y, “

vhere 3" = (T, etc. The triplets have no Yukawa
couplings. One postulates that fer some reason there
1s a custodial SUZC symmetry manifested by <¢> = diag
(b b b), 50 that p= 1. Then V = 246 GeV = /gbZ + aZ,
where <X9> = a/vy2, The physisil Higgs states then

consist of an SUp; 5-plet (Hs» , Hg', Hs®, Hs™, B™),

an sU,. triplet (Hy*, K4°, B;7), and two SU) singlets
o o
(H),° 1,9

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 1ndiﬁated in
Table 2. A noteworthy feature is the ZHgHP vertex,
which first appears in the two doublet m3de116, Also,
the 22K and © vertices are present in all
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Minimal Doublets
1 model Two and

Vertex (One doublet Triplets Technipions
doublet)
+ -
Y,Z *HH x yes yes yes
2z » K x yas yes %
+ .+
W+H H° x yes yes yes
zzo1° yea yes yes suppressed
when® yes yes yes x
+ .+
W Z-H X x yes b3
+ o
WW-H x x yes x
- -
L4 N,ZZ*HQHO yes yes yes probably
+ -t
YY,W W ZZ5H H x yes yes probably
A .
YW 2K HC x yes yes probably
. o
egd yes yes yes yee
nguHo yes yes yes -
+
‘ggtH H x yes yes -
Table 2. Vertices that are allowed at tree level

{or one loop level for gluons). The subscripts §
aad P refer to scalar and pseudoscalar, vespectively.

elementary Higgs models, but the H+ZH' vertex 15 absent
in all models involving Higgs doublets only (this is
most easily seen by going to the hasis in waich only
one doublet has a nonzero VEV).

Production, Detection, Backgrounds
S5tandard Model

1f the standard Higgs mass m§° is <100 GeV, _t can
be produccd by toponium + HOy (ref. 17), by 2 + 2*°, or
by ete™ » z" » z¢ (z* 1s a virtual 2), with HO + tE
or bb.

Higgs physics will be very difficultl8 if 100
GeV <_n1,_w < ZMN' The H~ may be produced by gg fusion

(ref, 19), by WW or 22 fusion (ref. 20), or by gg+H%tt
(ref. 21), with a large cross sect:icm,ﬁ‘22 but the
dominant tT or bb decays should be swamped by QCD back-
groundsla’ZI'z2 (The decay23 HO+WW*~+ may be a
possibility, however). The best possability is proba-
bly qG+W*+WH® or q7+2*+2HO; although the cross sec-
tion is low (see Figure 1), the signal may significant-
1y exceed the background with appropriate cuts.

For Dyo > ZMH one haes the cleaner signature

H®+ W™ or 2z (assuming that one can recognize W's and
Z's). Croas vecticus for gg+H®, WW or ZZ+HO,

gg +HOtE, snd qg+VUH are shown in Figure 1, Assuming
that 0 ~10~% nb is required for observability (103
events for L = 1040 cm™2, which allows the secondary
W's to be observed by their leptonic decays), it should
be possible’® to observe the WHO or HOtT processes for
Mo < 400 GeV (the Wi +H° process is defeated by

qf + W~ backgroundl®). For 409 GeV to 1 TeV 1t may
be possible to observe WW +H® -+W'W , although background
from q§ +W"~ 15 still a Severe problem.

Cross sections for production of s conven-
tional Higgs boson at vE = 40 TeV (from ref. 21}).

Figure 1.

Nonstandard Neutral Hipgs

The producilon mechauisms and signatures for neu-
¢ral Higgs are similar to those in the minimal model,
with two exceptions.

(a) The ZOHSOH: vertex1® allous neuEral yggs pro-
duction via the“Drell-Yan process pp+2Z +Hg By . This
has been calculated for the case of my, = y
Lane“%, who finds a significant cross Eectlon for
my € 200 GeV (Fig. 2).

(b) The EtH° vertices muy be enhanced by
Iva/vyl<(2 mH_'_/mc);! leading to enhancements of the

cross sections for gg +HOtt (Fig. 1 and ref. 21),

t€ +H° (Fig. 2), and gg *H°_ (via a t or a new very
heavy quark loop) by (v/v.)? and to gg +HOHO by
(\,'/\)l).6 The latter two processes have been calculat-
ed in the limit m _>my, v6 by Gavela and Gunion“’ with
encouraging resulfs (Fig. 2), (The gg-+nH® cross
section 1s also enhanced by very heavy quarks in the
minimal model®?.)

Charged Higgs

Sufficlently light charged Higgs bosons may be pro-
duced via efe=+y, zZ+HMW™ or in ¢+ bH' decay, with
Ht+cS or tb, depending on the masses.

Heavier charged Higgs bosons may be very difficult
to produce or identify. 1In models with Higgs douh*er.s
only the dominant decay modes are expected to be H'=th
and/or H*+WHO (1f 1t 1s kinemarically allowed). The
former decay should generally be swamped by QCD back-
grounds unless t and bd;r.s can be identified with
high efficiency. The © mpde is more promising,
:riaecially if the H® 1is heavy enough to decay into

Models with doublets and triplets have the
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Figure 2. Cross sections for the production of noa-
standard Hipggs bosons. The Drell-Yan cross sectinnszl'
for z*+ WM~ and W*+uHO are similar to Z*-*H,.°lzgo and
all assume equal mass scalars. The gg cross séctlions25
assume v >my, V& and should be multiplied by (v/vy}2
for O or (v/v)* for HOHO. The tb + HY and tE + KO
cross sections assume mg = 30 GeV and should be multi-
plied by (\)/\)1)2. The Whit - cross sectiond should
be multiplied by b2/8b2 + a?).

advantage that the H' can decay into W¥z (if kinemati-
cally allowed), or B¥'+wHwt. “The B decay is one
example of interesting physics for which good sign
identification is needed.

Cherged Higgs bosons may be produced by the Drell-
Yan processes pp>z*+H'H or pp*"**H °, Unforrun-
ately, the cross sections are small“” above ~ 200
GeV (Fig. 2) and gco backgrounds(eg. to the tbEb final
state) are likely 1 ¢ be severe {0(ab)). More detail-
ed estimates of the backgrounds, of the pessibility of
identifying t and b jets, and of the Drell-Yan cross
section for the case mH1 [ mHz would be very helpful.

Other pair production mechazisms are gg*}{"H',
which is proportional to (vp/v1)® and is likely to be

sinilar to gg+HOHO (ref. 25), sad (WWy, or ZpZp+HH-
or ¥2, +H*H® (L represents longitudinal). Byers26 has
estimated the cross section for pp+HOH® + X via

¥ ‘-'L-H"H" (which ie expected to dumlnate) for the

eodard Higgs (the HH- and H'HO cross sections are
esumably similar2?). Using the amplitudes of Lee,
££, aod Thacker10 and che effective Wp¥ luminosi-
5 ©f Dowson2B, she finds Ehe discouragingly low
vaiwe o ~ 107€ab (/B/40 TeV)®.

Chzyped Ziggs bosons may aiso be produced singly,
“achacek” has estinated the cross segtlons due to sub-
provesses such as WHZ -yt or 7H+1"" in the doublet/
triplet rodel. Toe crosa sections are typically of
ik Gase cxder gs the +H® cross section of the
rinical cogel (Flg. 1), assuming that unknown suppres-
sion factprs {retios of VEVs) are not too small. The

PP *+ HH' + X cross section is shown in Fig. 2.

There are no H+ZH— vertices in n doublet models,
but charged Biggs bosons may be produced by direct tb
fusion (the expected t and b distribution functions at
/5 = 40 TeV are expected to be small but not negligi-
ble““). 1In the two dosblet model with v, < v, both the
tb+H" and tT+H® vertices are enhanced By vzl <
szﬂ"’hc' Estimates of the resulting cross sections,

using the Eichten et al.?? luminosity functions, are
shown for m = 30 GeV in Fig. 2. Even for v; = v the
cross sections are reasonably large, suggesting that
detection may be possible if s As usual, - the
backgrounds are severe if W'+ tb. If one optimistical-
ly assumes that the t and b jets can be reliably iden~
tified_ the_dominant background is from the QCD subpro-
cess tb~+tb, for which the signal to background ratio
is of order 10(vy/vy) (mH+I10(! Gev){10 CeV/A), where
A is the experimental mass resolution for the tb pair.
(The background from the Drell-Yan process uJ+W*+tb
is an order of magnitude smaller for the Eichten et
8122 structuie functions.) That is not by itself too
discouraging. owever, the cross section for

pp+2 jets + X 1s of order 100 nb (A/10 GeV), so even
small Inefficiencies in t and b identification could
be disastrous. A more detailed analysis of these
issues would be desirable.
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STRONGLY INTERACTING Ws AND Z's

Mary K, Gaillard
Repr ing the Strongly I ing Higgs Subgroupi3
Lawrence Berkeley Laboratory and Department of Physics
University of California, Berkeley, California 34720

Introduction

The study focussed primarily on the dynamics of a strongly
interacting W, 2 {STW) sector,! with the aimof sharpening predictions
for total W, Z yield and W, 2 multiplicities expected from wwW
fusionl.2 for various scenarios. Specific issues raised in the context of
the general problem of modeling SIW included the specificity of the
technicolar {or, equivalently, QCD) model, whether or not a composite
scalar madel can be evaded, and whether the standard model
necessarily implies an I = J = 0 state (= Higgs particle) that is
relatively “light" (M £ hundreds of TeV). The consensus on. the last
issue was that existing argr ts ara i lusive, and I shall not
pursue it further in this report. While 1 shall briefly address
compositeness and alternatives to the technicolor model, quantitative

tes will be of ity based on technicolor or an polati
of pion data.

As diseussed previously,! up to mass dependent effects,
S.matrix elements with external longitudinatly polarized W's and Z's
(W}, 2} ace the same as S-matrix elements for their respective
unphysical, or “enten”, spinless counterparts (w, 2). In the strorgly
interacting limit where scalar self.couplings are much than
gouge couplings, the w._ z system possesses an approximate chira!
S (2) symmetry analogous to that of pion chiral dynemics. Modeling
the w, z syatem by scaling the pion system by the ratio

vify = 250 GeV/33 MeV, n

of the parameters that characterize spontaneous chiral symmetry
brenking in each case is, by definition, equivalent to a technicolor
model for electroweak symmetry breaking with an SU(3) technicolor

group.

Another possible source of multi-W, Z production was
suggested 3 namely e strengly coupled Yukawa interaction that would
arice in the context of the standard electroweak model if thece were
very heavy fermions. This might then provide multi-W, Z events via
gluon fusion (Fig. 1) Calculations of these processes are in
progress, 35 in this report k -will discuss only the ideas involved.

fnssible gluon fusion mechanism for multi-Wy, 2y
production

Fig 1

Technirho Production

Modeling the SIW sector on the pion sector would suggest a

J =1=1(W, W), (W, 2) resonant analogue of the p{(770}: this is none
at.her than the technirho for an SU(N) technicolor gauge interaction
with N = 3. In addition to pr ion® via domi d q@
ihilation, the pt ean be produced by the WW fusion proces i
‘I..Ref. 1. The resulting differentiat cross section for pp —f ::E ‘;o_f ?%{
}Vlth a total c.m. energy of 40 TeV as a function of the W-pair
invariant mass is shown in Fig. 2 for several values of N. The
technirha parameters scale aceording to7

Mpp(N) = (UNN2 v mpify = 2TeV (N1,
@
P (N) = (322 v Pp/fy = 0.5TeV (3N

As N increases the resonance peak moves into o region of higher
quark luminoeity, but this advantage is eventualily m;mpen:iutm.i for
by a maore rapidly decreasing width. Whetber such scaling hehavior
suggested‘by the large N limit of SU(N) gauge interactions, would be
charu.ctenstic of a more general class of SIW models remains an cpen
question. .

T T
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Cross seetion for pp — W* W~ + X through the W-fusion
<ubprocess qiqz — qi'q2’ + W*W~ via (o) technirho
formation and {b) technirho formation plus continuum
seattering in the Born approximatien. The curves are
labeled by the N of SU(N).

Fig. 2
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The results of Fig 2 are without rapidity cuts. Since qq
| intsrattions are as effective 23 qq collisions in WW fuaien, and since
for high invariant mass and a single psrtial wave the WW production
is rather central, the effects of rapidity cuts should be fairly mild,
reducing the signal by a factor of sbout 3 or less for y < 1.5.
Comparison of Fig, 2 with Fig. 6-1 of EHLQS suggests that the WW
fusion process gives u contribution comparable to that of qf
annihilation t~ production of the neutral technirhe which EHLQ
evaluated for N = 4, They founda h)ghEr yield for charged technirho
production, while WZ fusion to pr* should be less than WW fusion to
D'r' because of the smaller Z-couphngl te querks. Aside from
of & passibly d r pesk 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 resonant "WW
scattering, should give about 1500 W*W= eventa for an lnugu(ed
luminosity of 1040 cm~-2 in 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 strong
interactions.

S-Wave Scattering

It was suggested® that the s-wave amplitudes for W* W~
scattering could be modeled by scaling up the measured s-wave ¥ 1~
scattering amplitudes. Scaling with Eq. (1} is net eniirely
unambiguous near threshold, because thresheld behavior involves
two parameters: fp or ¥ which measures spontaneous chiral
symmetry breaking, and My or mwz which measures its explicit
breaking. Note that the retios

my 2 =227, {3a)

mw?ive = (.11, {3b}

are rather different. The masses are relevant for our purposes only as
kinematic quantities that can play a role near threshold and also, for
example, in governing phase space available for multi-particle
production to be discussed below. In studying threshold behavior,
scaling in momentum rather than energy may be the most reliable
procedure.8

In the limit of a large Higgs mass, my > > Vs, the s-wave born
amplitude forw¥w ™ = zz s
Ag(w w™ -+ 22} = V2(Agp - Ag2)/3, €3]
where Ay is the partial wave amplitude for fixed spin J and
“isospin” I

Agp = — (8k2 + Tm2)/2v2,
5
Aga = (2k2 + m2VV2,

where k = (5 - 4m2}172/2 js the scattering c.m momentum. With the
substitutions V — f and m — my in Eq. {5), the Agy are just the pion
s-wave scattering umplitudes obtained® from PCAC and current
algebra. [nthat case the terms linear in my?determine the scattering
lengths.? [n the w, z case m2 is in fact a meaningless parameter since
the substitution Wy, Z|, -» v, z is valid orly to order mwz/Ewz, and
the masses of the w and z are gauge dependent quantitics

{my, = mw/§). The ratio (3b) assures us that mw,z2 corvections are
negligible in the region Vs 2 500 GeV = 2v in which we are
interested.

Unitarity of the S-matrix requires that in the region of
negligible inelasticity, the partial wave scattering amplitudes are of
the form:

Ay = - 16 1 Eagk, )
with

ayp = sin Sypexplidy), E= Vw2 (U]
Since Ay doea not diverge for k =+ 0, we have

2 =k, (8}

and the threshold behavior required by chiral symmetry is repeoduced
for any parameterizution of 8 such that

Sat = (BulBarn = — K(AslBer/167E, @
where the (Aj))Born for § = O are given in Eq. 15).

A standard unitarization procedure is the K-matrix formalism
(we take J m Q}whick. defines the phase shilt by:

exp(2iSgh = [1 + i(Agylporal] - (A4 Ger]- am

Both unitarity and chiral symmetry will also be satisfied if we take
instead the phase shifts

Spl = (Bgp)Born. an

The s-wave intensity I for 7+ 1~ - 1°%°, defined as
I = |agp - Bpzl2 = Sk2a(+ — — 00V8T , 1)

has been measured by Cason et al10 (Fig. 3(b)). From this they
extracted values of the 1 = 0 s-wave phase shift using as inpmt a
parameterization of the | = 2 s-wave phase shift:

Sp2 = — (K1.1GeVIL + (k1.12GeV¥Z| (13)

The resulting data paints for §gp are shown in Fig 3(a) along with the
parameterizations 110) and (117 of the phase shifts. For comparison
we also show a simple linear extrapelation from the current algebra
values? of the scattering lengths:

8Ll = — k[Aor(k =01]gyn/16Tmy. (14)

That the data is better reproduced {see especially Fig. 3(b}) by the
parameterizations {10} and/or (11) indicates that the k2 terms in (51,
that are the only ones relevant to the w, z system, are indeed
accurately reproduced by the data.

We nate from Fig. 3(a) that the "input” parameterization for
Sz is close Lo the K-matrix parameterization t10), while the extracted
I = 0 phase shifl agrees better with the simple Born parameterization
of Eq. (11). We therefore include in the intensity paramelerizations,
Figs. 3tb) and 3lcl, ane using (11) for 8gg and (10) for 8o This
appears to give a reasonable fit to the pion intensity, although the
K-matrix prescription (10) may be better for relative. - low k.

‘The relevant lesson is for the ww —» zz intensity, shown in

Fig. 3tc), where the Born amplitude and the intensity expected for a
Higgs of mass 1 TeV are shown for comparison. Total rates for
multi-W, Z production via the WW fusion process have been
estimated!! by interpolating between the Born approximation in the
limit my >> Vs and a 1 TeV Higgs, giving 3.000 to 10.000 events
for an integrated luminosity of 1090 cm-2. The unitarized s-wave
amplitudes shown in Fig. 3{c) suggest only a slightly reduced vield
with respect ta the Barn approximation in the region Vs ~ TeV where
quark luminasities are most significant. Taking into account
contributions from other partial waves {e.g. J = 1 resonance
production as discussed abave), these estimates are probably not
overly aptimistic. but we have, unfortunately, found no reason to
suspect that they are averly pessimistic.
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Fig.3 Unitarized s-wave scattering intensities for
xtH= = 1°0° () and W*W™ —» ZZ (c} for various
parameterizations of the phase shifts (a) consistant with
low energy constraints. Circles are data points;10 the
I = O pion phase shift was obtained using an input
parameterization for the | = 2 phase shift. Also shown
are extrapolations of the Bora, ¢r soft pion, intensities.

Alternative Models of SIW

An alternativei? to the QCDitechn color model is the ultracolor
of Georg\ lnd collaborators: in the limit in which the scale where

0.9
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strong is close to the electroweak symmetry
breaking scale (which, l‘or viable models implies an addnlmnal su—ung,
gauged axiel U(1) coupling models r

models, but with a richer spectrum of bosonic states. (An interzsting
feature of these models is that 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 ulteacolor gauge group. In the minimal model of this ctass, left
handed fermions form a (2, 2) and a (1, 1) of the SU(2) X SU(2} of the
(here composite) sealar sector. These five left handed fermionic
degrees of freedom define a 5-plet of "ultraflavar” U(5). The fermion
condensates of the strongly eoupled, gauged SO(N) spontaneously
break this U{5) Navor symmetry to an SO(5) flavor symmetry,
of 15 Gold: bosons that transform under

g the
5L(2) X SU(Z) as:

0TI 2,2+, +3,D+, D (s

The above fermionic condensate, in contradistinction to conventional
technicolor models, does not break the electroweak SU(2) < L)
gauge symmetry. To acnieve electroweak symimnetry breaking an
axial U(1) gauge interaction is introduced that explicitely breaks
flavor U(5) to flaver U(4). The fermion condensate arising from the
strong SO(N) gauge interactions now brenks flavor Ut4) ty fla~er
S0(4), leaving only 10 Goldstone bszti =z, namely the (3, 3) + (1, fiol
Eq. (15) above. This means that the t2,2) 5 (%, 1) ere not decoupled n
the zero-mamentum limit. In particular,the (2, 2), which he.s the
electroweak guontum numbers of the conventional complex Higgs
doublet, can acquire a negative squared mass and Lrigger the
breaking of the electroweak gruge symmetry. This scenario has a
well delined set of “low lying” resonances which is richer than that of
minimal technicelor models. In addition to the (3, 3) + (1, ) in (15)
that might be relatively "light” (m < < TeV) because of their
pseudegoldstone boson nature, there are 10 ground state spin one
bosous:

173,11+ (1, 3) + (2,2, (16}

that might have masses in the TeV region.

Smce thxs scen.ano dnes not reduce simply to a v/ix scaling of

D, pr ofr parameters have nol been

attempted. The ultracolor altzrnative 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 evadel3 fermions altogether as undertying ronstituents
of a strongly interacting scalar sector? A pure scalar field theory is
known to be inconsistaut.’4 QOn the other hand no one would take
seriously the notion that the scalars of SIW can be treated as an
isolated system at arbitrary energies: the practical implications of
diffizulties of a pure scalar need no! become mamfest below the
Planck scale.!5 Sealars can pr be dded
within a supersymmetry/supergravily context, and pushmg the scale
of supersymmetry breaking up to the Planck masa poses no practical
problem in this reapect. Similarly scalars may be composite, but,
ogain this could be relevant only at distances of the order of the
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\Planck length where perhape fermions and even gauge bosons would
also appear as composite. On the other hand, the results presented by
Manton!é may suggest that the elementary scalar sector of the
standard electroweak model will cease to be a sensible deseription ata
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 the more
imperative and all the more exciting.

Multiplicity

Far lack of a better guide we will proceed to further modeling
with what we know how to do. Estimates!? of multiplici:ies for an
SIW sector have been made on the basis of massless phase space and
assuming a factar V's/v in amplitude, inspired by chiral symmetry, for
each emitted Wy, Z.. For processes involving couplings to "parity
violaling” weak external sources {Wr. Zt, heavy quarks) this gives:

a(n + 1Yain) = s1672v2n(n- 1. an

For purely “strong” effects thot govern the WW fusion process,
“parity” is conserved, and only an even number of Wy, Zi can be
produced: this gives

oln + 1Watn - 1) = (S/167V)nir - Din-2)), {18)

Ellist7 has done a careful eateulation of the "technirho” decay
branching ratio using the constraints of current algebra and PCAC,
The analogous calculation8 for the p gave

Tip s amz)yl(p—»21%) =2 X 10-5. n9y

Scaling this result according to fg — V, mg; — my and
mg = 700 MeV - M-r- = 1800 GeV (300 GeV), gives

T(p-1-— 4WHT(g-r— 2w) = 3.7(1.9) X 10)-3, {204

to be compared with the prescription of Eq. (18) which gives

8910.6) ¥ 10-3 Since the p-r- decay involves p-waves, it is not
surprising that phase space alone is inadequate, but the lotter
estimale is not off by an order of magnitude.

Elis17 applied the same techniques ta caleulate the
0(2w -+ 4w)/g(2w — 2w) cross section ratio in the Born approximation
for my > > s. Inthis ¢ ;e there is a large J = 0 contribution, and the
estimate using the prescription (18} is fairly accurate, as can be seen
in Fig. 4. This unfortunately lendr confidence to the estimates of
Chanowitz and myselfl! who found 10 - 75 four-body Wi, 2., events for
fdt L = 1090 cm? with 5 = 0.5 TeV from the WW fusion process for
various parameterizations of the WW total cross section for
my = 1 TeV.

Al sufficiently high energies one expects the sealing 1aw (18), or
the chiral symmetric Born amplitudes, to break down. Again one can
model8.17 the SiW sectar by scaling up the pion sector in the resonance
region. This could und i SIW multiplicities, b as
indicated by the ratios (3), if we scale according to sw = {V/(q)251, the
available phase space for multi-W, Z production at sw exceeds that for
multipion production at sy, because of accidents of mass values.
Jaffe8 pointed out however that 47 productinn does not become
significant below multi-resonance thresholds, where the pion mass is
aself insignificant. !n sther words tle privsiple source of high
multiplicity pion production appears to be reso aee lecay, with the
primary interactions always being 2 —* 2 scattering, or 1 — 2 decays.
This feature may be specific to the underlying QCD sr::cture and
duality diagram prescription that it implies. Sa again the question
arises: can we evadeld an elementary fermion model?

Table 1 shows the number of 4-body Wy, Z( events for
fdt L = 1040 em~2 expected from resonance production by wWrw-
fusion for various resonance parameters, assuming a product of
branching ratios in the range

7
dlew)

.01

L£01
— 3 [} i | I Y
[ 3
Vi (Tev)
Fig. 4 Fraction of 4W production in W*W= scattering as

predicted from chiral symmetry,!7 compared with
estimates based on phase space and the Va/vrute.ld

0.1 s Bt4w) - Bi2w) < 025 n2n

The r [ s are oblained hy scaling pion resonance
parameters using the prescription (2) for N = 3.QCDrand N = 7
Only if the scaled up version of the p(7, ! has a substantial branching
ratio into 4-bady final states (not ihe case for the pion system. aar
anticipated by the chiral symmetry estimate, Eq. (203} can we expect
more than a handful of 4-body events from these processes Hopeflully
the rea) SIW will not mimic QCD so closely.

Expected number of 4.bedy W, Z| events fram
resonance production by WW fusion in pp collisions -vith
JdtL = 1080 cm~2and E., = 40 TeV, assuming
Eq.(21).

Table 1

Low energy model “Technicolor” extrapolation

MeV) {GeV?

N=3 N=7
g1ty gT1%437) gr1%137y
m = {691 m = 4546 m = 2976
I =200 T =538 T'=20
By-By = 0.17 < 0.3 event 5-12events
30 b A pr ttiT) pr t*a
m = 1600 m = 1301 2815
T =300 T = B80S T =301
B2-B; =03 1 5tad events 8to 20 events
1Tl erLTu 1 pytTaTy
m =770 m = 2070 m = 355
T'=134 T=414 T=15
By By =0 100 - 280 events 230 - 580 events
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1y Inf ing Yykawe

If there are very heavy fermions that acquire masses via
Yukawa couplings to the standard model Higgs doublet, then the
physical Higgs and the longitudinally polarized vector bosons W, Zr,
are strongly coupled to the heavy fermions. This has hen w
as a possible source of multiple Higgs producti
to the case of an elusive "intermediate” mass
(40GeV € my < 2myw) Higgs boson,!9 via gluon fusion through a
heavy quark loopasin Fig. 1.

In the scenario considered here, myy 2 1 TeV, the process of
Pig. 1 conld under certain circumstances provide an additional source
of multi-W-Z events. Calculations of the general multi-boson loops

cannot exceed a few hundred GeV. However, when mass dependent *

effects are included,S there may be some window for an observable
effect.

Gluon fusion to & “parity-even” system of w, z and Higgs is
governed by the trace anomaly rather than the axial anomaly, and the
presence of a trace anomaly does not invalidate the soft meson
theorems of chiral symmetry. Since gluon fusion into, say, a pair of z's
is proportional to {1312 for each quark, no caneellation can occur
between mersbers of a doublet, so the decoupling theorem must hold
for each quark foop separately, and it is probable that gluon fusion to
2n(w, z) alone will be suppressed as /myZor s/mg2.

It therefore seems likely that the gluon fusion process is most
ising as a source of multiple "light™ Higgs,19or, possib]v for

are underway:45 here I shall outline the ph 1 principles involved
The strong sector of the theory is now defined by the scalar and heavy
fermion sectors including Yukawa couplings. The sczlar sector alone
possesses as before a chiral SU(2) symmetry, and S-matrix elements
for the "pseud lars” wi, z are equivalent to S-matrix el for
Wrt, Zy up to 0imw/E) corvections. To the extent that the heavy
quarks are pair-wise dege ierate, i.e. that their Yukawa couplings are
invariant under suitably defined chiral SU(2) transformations, the
full strongly interacting sector is chiral SU(2) invariant. As the
Goldstone bosons of this spontaneously broken chiral symmetry, the
wi, z (or Wi t, Z1) must decouple at zero momentum. On the other
hand, if there 15 substantial splitting for some quark doublet, this
represents an explicit breaking of SU(2) X SU(2), and the Goldstene
theorem need not apply.

T2 illustrate, consider gluon fusion to a single {real or virtuall z
(or Z1.). Working in a renormalizable gauge the z couples to the heavy
quark through a pure pseudoscale coupling proportional to the third
component of the quark weak isospin. The calculation of the gluon
fusion process reduces to the Steinberger20 caiculation of 7° — vy,
giving the well known result that the amplitude dmps rapxdlv to zera
for mq? < p,%/2, and takes a value dent of
mq for mq? 2 p2 Since the two components of a quark weak
isodoublet contnbute with opposite signs, Lhere is no net contribution
unless they satisfy a mass relation mg;2 < p,;2 £ mgz2. Roughly, one
obtains a eontribution proportional to:

Iy Q) = Zyd(Uy) - EydiDg). 122)

where Uy and Dy are “heavy™ (my? 2 p,2) quarks of charge 2/3 and
~ 148 respectively and I(LY) = JU) (D) = —J(DY) is the contribution
to the amplitude of Fig. | from an external quark @ = Uor D.

Alternatively, one may transform the fields to obtain the non-
linear 0-mode! formulation, in which case the w, r appear only with
derivative couplings and couple to quarks through ‘he derivative ef an
axia! vector coupling. In this case w, 2 amplitudes vanish explicitly as
p/mg —> 0 unless there are anomaties (or explicit chiral symmetry
breaking). In this formulation, the calculation reduces to the mare
modern calculations?! of M° = yY (and is equivalent to a direct
caleulation of gg — Zy in the unitary gauge). For "light” quarks (L)
only the anomaly A(Q) contributes, while for mg2 2 p,2, the anomaly
exactly cancels the mass dependent contribution [(Qy), giving a
contribution to gg — z proportional to

ELAQU = — ZLAQw) = Zn KQu), 23)
which is the same as (22); the first equality in (23) holds hecause the
theory is by construction anomaly free when summed over nll quarks.

We are really intorested in muiti Wi, Z; production. Up to

mass dependent effects, the production of an odd number of w, z is

p: y determined22 hy the axia} lies, and, roughly, a non-
zero amphtude should be found if some quark doublet satisfies

mq2 £ s £ mge? where Vs 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 that quark doublet mass spiittings

2mw < my << TeV, a source of multi-W events via Higgs decay.
Results of explicit caleulationsd.5 will give a more precise answer.

Conglusions

The lesson for SSC experimentation, is, as before,! that
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 = 3} W, Z events he
detected? This requires more serious study of multi-jet (Ny 2 1),
W,Z + multi-jet, 2(W, Z) + jet, etc. backgraunds, as well as the effects
of rapidity cuts on various classes of events.

Are the general features of a strongly interacting W, Z sector
discernable w....out event-by-event identification? Sign.ls include an
enhanced W, Z yield, an enhanced 7/W ratio, and an enhanced

of longitudinally polarized Z's in the tail (VS 2 500 GeV)
of the effective center of mass spectrum. The question is whether
these effects are sufficientiy 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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Inueduction

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

{A} Conventional SUSY phenomenclagy in which there is a
multiplicatively conserved d_quantum number R and the lightest

sparticle is a stable photino Y whxch ides a missing pr sig: €.

(B) Alternative SUSY phenamenalogies, including thase wi
dlﬂ‘erent tightest sparticle such as the sueutrino V.8 Higgsiro
gluino®.9 and models in which R parity is broken so that the P"“lmo
becomes unstable.10 We studied how much of the conventional
missing pr signature would survive in such models.

(C)} What if some sparticle weighs less than 100 GeV gnd has
been detected at the SppS Collider or at the FNAL Tevatron Collider
before the SSC comes into operation? We studied the distrubutions of
hght qor g partons in the proton,!1 and the problems of distinguishing
the missing pr signatures 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 are known,
all other physical Higgs masses and couplings are fixed.14

In what follows, topics (A} and (B) are reviewed in some detail, while
topics (C) and (D) receive less attention.

Conventional SL'SY Phenomenalogy

In most SUSY models there is a2 multiplicatively conserved
quantum number R = +1 for all conveng_pns&arti_c}es tq,L.g. W, v,
HlandR = -1 for all their spartners (3, £. 8. H). R conservation
would unplv that sparticles are always produced in pairs le.g. pp ~ a
or qg or gg or ...), that every sparticle decays into another sparticle
te.g. -+ qYl, 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 here.!5 In such a SUSY model there is a missing pr
signature as photinos eseape 4 an.er bem‘a E\.;nduced in the decays of
heavier sparticles, eg § — qY. g qqyY. W — T T eu: Tm;l cross
sections are available for the pair-production of g8, §4. 38, W, Y2
and ££.123456 Detailed final state Monte Carlo calculations are
available for the first twa subpracesses,3.4 and one in progress for the
rext three 6 The results are not reproduced in detail here, since they
are already available elsewhere 3 Suffice to say that

1 10
24 pb forms‘us TeVat . = |20 Tev
1o LI P97 w0

1)

az

Conventionalily, one expecis the decay § — q4Y to dominate,
resulting® in. a large missing pr signature = O{mg2)} and ideally
four Tngd state jers For my = 1 TeV and Ecrn,, = 20 TeV we find that
thiey-cmerge: with rapidities y- <y2>172 - 1, angular separations

&8 ~ 1: $radiuns, and the average of the minimum pr jet being O(140)
GeV: litunyease sfag production, we find4

fo
1 £
- b for m, S 11°
aqz 10 P ] 2

. . {10
TeVayv E_ = |20 TeV
e 40

(2)

and ideally 2(6)-jet final states if § — q¥ (§— q&, § = 93¥) decays
dominaze, in both cases with a large missing pr signature. In the
latter case, we findé that the jets emerge with <y2>12 ~ 1, 48 ~ 1
radians and the average of the minimum jet py is 90 GeV, if we take
my = 1 TeV and my = 700 GeV at By = 20 TeV as an illustrative
example. The ohservable eross-sections are not greatly reduced? if one
restricts oneself to events mth’f > 50 GeV. Moreover, the missing
prvectorisg in hal angle, having components
PIT mnsverse 10 the cbservable g and § jet sxes which are much
greater than 100 GeV an average. This makes heavy sparticles easy
to distinguish {rom lighter sources of missing pr. sugh 85 the t quark
which gives |pr1l S my2 ~ 20 GeV. In the case of €€~ production,
the y and Z0 production diagrams give?

=X R

~37 2
O = 10 ca for m = 180 GeV
P 107 Ben? £ 400
at E_ = 40 TeV . 3
=]

-~
The expected decays £ ¥ —» l’";’\muii give £* €~ + pf svents Among
the possible backgrounds are heavy lepton pair L™1.” preduction,
whxch has a cross-section = 4 x o“"r Heavy leplans with masses
mL% = 100 GeV are expected to decay into v + W* W* — qFor
£#5v. The latter mechanism vields ¥ €'~ pairs of uncorrelated
flavours and with relatively low invariant mass. Since each

W= ~» ¥y decay hus an 8% branching ratio. this is not a substantial
background. The cross-section for W'W‘ production is lz-ger
ow+w- ~ 10 O7+¢~ , but again the we decays give €7€~ of
uncarrelated flavours. and the two branching ratio facters vield a
signal-to-background ratio of O(10} One can alse produce F=9 pairs
via the W=, but a?“\, < 1/2 O¢ 2y, and this process seems unlikely to
be observable if the V' decays invisibly.?6 Even forV - visible decay
products there are many backgrounds.

Another possible productior mEl:hamsm for heavy strongly
interacting sparticles is diffractive .7 with a Ggor Q4 pair 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

o=t e@te) @)
m

where m ic the heavy particle mass. The form of the function ftm?/s} is
unknown: the power n is expected to be 2 2, with recent opinion!?
favouring n = 4. The mast optimistic extrapolation using present
accelerator charm production data, n = 2, and working at fixed m/V's
would give
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L 1°5 GeV

Vs =

m = 40 GeV
20 Gev — V& = 540 GeV -

a ~ (1 to 1)ud g = (1 eo 10)nd

LM 3 TeV
Ve = 40 TeV
g = {0.1 to 1)pb 5)

While the theoretical prognosis!7 for such an extrapolation is not
encouraging, it can be checked by looking for diffractive t quark

(m. = 40 GeV) production at the CERN pp Collider with Vs = 540
GeV'. A possible way to search for diffractive gg pair production would
be to look for events with twe sbserved jets ir the forward direction,
accompanied by missing pr. If one then computes the minimum mass
m* of a system decaying into the observed piei;. Pjety andﬂl’or
arbitrary py, one findsé 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 seeins that there is
no substantial background of missing pr from unobserved forward-
going particles. Searching for evidence of diffractively produced aq
pairs would be even easier. one would look for a Jacobian peak at
|ng“| = mg/2 from §— qY decay. Unfortunately, the cross-section for

diffractive production of TeV’ E or ¥ pairs will be negligible if n = 4 in
Eq. (4}, as recently argued.1?

Alternative SUSY Phenomenologies

The possibility discussed above is the mainstream SUSY
phenomenology. During the Werkshop 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 photino ¥, but is probably electromagnetically 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 exclude?.13

5 ceV < m < 35 GeV,

and possibly 3 GeV < m < 1000 GeV .  (8)

This leaves a window for light stable gluines, if the stable color-
neutral hadrons that they form are neutral (e.g. §g or §tuu ~ dd/V2)
rather than charged fe.g. Fud). Candidates for the lightest (neutral)
sparticle therefore include the gravitino, ¥.¥, HO and § 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 cancerned

Cosmology imposes no lower limit on the sneutrino mass:3 the
large annihilation cross-section g3¢*"™ « 1/mw? always suppresses
the primordial v abundance to acceplably low levels. In many models
m§ < m%, since

mZ
2 s

2
oy = 0(m3/2) -2 cos 2a; tan o < 1 )

and in some models with a heavy t quark a is very small so that

cs2a-—+ 1 {fmy < my’{the case of interest t us herel then one

expects T — Vv decays (with T¢ = O(10-15] sec/mfIGeV)) to give the
venti Y.

- ntym gi i 1 S
Ifm¥ "< m§ < mggarthen
8
TE+v) 45 (a) (N
1< T(D + eudf etc.) =2 (us) (na) (Ba)

for mg = mf™= m{y much greater than my. In this case, invisible
neutral decays of the v dominate, and it has a relatively short
lifetime:

~16
_O(10  )sec
1y = —2UO0EE ey L ea2iedy] = 0C) .

o my(GeV) x IFIZ
(8b)

lr.mv > mf, mryete., then “visible” decays V= eudZ, etc. may compete
with, or dominate the “invisible” decay v —» vY.

e i & o~
If HC (more accurately, a mass eigenstate mixture of W0, B? and

HO) is the lightest sparticle, then one expects Y decays of g, g ete. to
dominate:

- ~a0
r@ -~ ap >> T@ + i, TR + a7y »> T@ -~ qdl) .

(9
These would then be followed by Tdeca,ys into the fo.
3 o3 2 2 o3
1 - v ~ o(i3 —z) > T - q;g)-q(_u_ T} %)
10° 2%/ ? 104/ &
{10a)

. ~
Therefore one expects dominance of - YHO decays, so that the
missing energy-momentum is reduced by 50%, and is accompanied by
“prompt” photons (T{ < O(10-11)sec) This should be quite a
distinctive signature.

It i? possible to have a light gluine {mg < mJ) in some
supergravity models where my"and mgarise from loop diagrams and
m, < 0135)GeV .2 Then the photino is unstable

mS
T - 2ed) ~ o oo™ L (100
m
q
and one expects
'l'7 5'\'(117v = 2 GeV, m‘i = 250 GeV) ~ 10-“ sec .
an

As mentioned above. Eq. /65, stable particle searches require

mg < 513)GeV, while the ubsence of u light (§g) hadron suggests

mg > 0(1) GeV. Between these two limits there is an allowable range
where there are stable g hadrons which behave much like neutrons ar
K0, with no missing energy-momentum signature Thus E hadrons
share with them the ability to deposit energy in a hadronic
calorimeter, while leaving no charged track in front Therefore it is
probably difficuft to pick out a light, stable ¥ in high energy hadron-
hadror. collisions. The best place might be in yp — EE\ decay. !
where g inal states have a branching ratio 01301% if my < 4 GeV'
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Another pessible scenario is that in which the lightest sparticle
is not absolutely stable, becau-e R parity is not multiplicatively
conserved. R parity may either be broken explicitlyl® by Lagrangian
terms which couple particles ta sparticles (c.g. superpotentizl terms
&; L; H or scalar mass squared terms uif.[.i H) and/or sponteneously!?
by <0/¥j0> = 0 (e.g. vy = <0/Ug[0> = 0). There are
phenomenological upper limits on explicit R breaking terms: neutrine
mass limits imply1?

u, < 100 Gev, LA 10 GeV, u, < 1 GeV,

12

and §, < 1072 gev

while the upper limit on 4 —» ey decy grazes the limits, Eq. (12). In
models with explicit R breaking, the ¥ is unstable, with

Iy + bbw («m;m:) > T+ W) (cm;) as

for m3. > 0(10) GeV. In this case one has less missing Et and a
ssible excess of heavy quarks, whereas a lighter Y gives missing

energy-momentum associated with 2 prompt y.

‘We have already seen, Eq. {7}, how m23 may oe less than m2Z,
and if m2Y < 0, spontaneous R breaking through <0[v;j0> = 0
ensues. A gener'is possibility, which appears the most lihely 10 is
<0[V0> = <0lUp0> = 0, vy = <0T70> = Otv, v'iwhere
v,v' = <Q|HY, Howf.Jn this case there is a charged fermion mass

matrix mixing the H=and t*:
—t .
+
A Yo By g\ /¥
it g,v' € o I (14)
+ -
LS 0 h-rv'r h_[v T/

whare M2 is the SUSY breaking SU(2) gaugino mass, ¢ is a HH'
mixing term, and ht is the T Yukawa coupiing. In this case the
physical charged mass eigenstates

" " " v_ -
"o 30(3131) S0 30(-—‘) .
\mu v v

" " ”"” t, v - .
at #r"’, ﬁ"3°(TT) 1 %

) PR 3o("_,) i
. T -

and there is analogous mixing for the ‘Y.. HO and '5’1 There are twe
light neutra! mass eigenstates, "\71-" and a HU state, in the limit

¢ — 0. The ee~ —» T*1~ forward-backward asymmetry is not
substantiatly modified in such a model, since the only substantiat
mixing of the T~ is with the H= which has the same I3 und Y. and
hence the same Z° coupling as the unmixed T-. The T lifetime is
unaffected since the weak isospin partner of the T~ mass eigensture is
essentially a combination of the "v1" and HO states, both of which are
possible decay products of the T i € is small. Since the neatral mass
matrix has substantinl entries mixing states with different I3 and Y,
there can in principle be substantial flavour non-dia anal couplings of
the 20. In practice, the only substantial one is the 20~ #— .0 vertex,

which can lead to a decay rate

r(2® + 510

(v} -
rez -+ veve)

= o(mg/mi) . (16)

In principle, the decays g — qT or gV l'g"—’ T or'f—o}iqv\») arenow '
possibie because R-parity is broken, but in practice these novel decay
modes are suppressed by Oimy or mg/mw)Z relative toqT—qY

(Z ~ q3Y), as can be deduced from the last line of Eq. (15). One
obneﬂg,b!e novelty is however the di of the photing: _there is no
WE_Y_1¥ or 20-¥— v coupling, but the 20— ¥~ HO coupling
merntioned above, Eq. (16), gives

T({ » b X:X= e+e—, e, 7, qq, V)

an

5
- o(cF 19::3) x (mi/nz)z .

If m¥’ < 0(10) GeV, the correspanding lifetime could be = O(10-11}
seconds, providing the useful signature of a separated decay vertex if
}‘(‘canuins charg; rticies If m§ < Q1101 GeV, the decay
Y = Y + v or HC may dominate over Eq. (17} “roviding a Y +
missing energy signature. If X is neutral fi.e. X = V), then one has
the missing energy signature of SUSY, albeit suppressed by the Vv
branching ratio relative to its due to § ~ qy decays in
1SUSY. We lude that one could have large R and Lt
breaking with v/v = OL1), that this would in general provide less
wissing E, but that there are possible signatures of a finite decay
length for the pnotine, and/or L2 Y + missing energy decays.

Whatif...

Some sparticles are relatively light le.g. my = 1 to 5 GeV'.2
myy= 0{40} GeV).3 How would sparticle phenomenology at the SSC
look in this case? Datailed calculations are available!! of the

1 of super ic parton densities in the 4 For
exsmple, one finds the ing asymptotic fractions at
Q? much greater than mg2, mg2:

Pure QCD QD +9 QD +T+q
3“‘1 3“‘1 (+47) SN‘L
(0- . .36
TS O Fam A
q q q
6o, 1642y | 18 (.32
9 5O w4 e 0P
q q q
L d 4 4
-11 <08
g 3N e ALY SN +20(0)
q q
-~ 2N
a+a A
g
corrasponding to
3 momentum L momentum , 2 (18)
g momentum 4 q momentum 3 .
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¢ Thus there would be quite a large number of spagtons in the proton at
large Q2. Th2 cross-sections for &l the XX' -+ X*X'* purton-sparton
scattering subprocesses have been caleulated?0 in the limit s much
greater than mry2, which is the domain in which the renormalization
group calculations of the sparton densities are useful. These cross-
i are then ble with ional large pt cross.
sections, and hence should be readily observable. The missing pr
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

Py € (mq or mg/Z) . (e8]

Thus, one could hope to distinguish light sparticles from hiavy
sparticies.

SUSY Higgses

Supersymmetric models need at least two Higgs doublets,12.13
and hence physical charged H* scalars, H|? and H2?, and a
pseudoscalar boson a. The quartic potential terms are fined by SUSY,
so the only free parameters are quadratic:

'
V(H) » m2[HI2 +m 2[H‘|2 + mg(HH' + herm. conj.). (20)

One combination of these three parameters is fixed by our knowledge
of Gp (implying v2 + v'2 is known), while tne other two parameters
can be fixed by knowing two Higgs boson masses. For example B: tan
8 = v'/visdetermined from

mZ_ 2 mZ_WZ)
z HO Z Hg

1
t:anZZB = 7 2 @n
o .
0 0
m %
and there are restrictive mass formulae
mz‘ = o +m2‘>m‘ (22)
H™ W v
mz0 0 = (m: + mi * \/(mi - m:)z + 4m§ m: c05228 )/Z
H,H
1772
23)

and one neutral Higgs is guaranteed to t;e light in many models 13
The couplings of all the Higgs bosons to W =, Z0 and fermions are fixed
ance one knows two Higgs masses and hence v'fv. Introducing 8

2 2
m0+m

=
N O

. (24)

bt
tan 26 = tan2B 3 7

Relative to the conventional single HO — Wiw® H0z020 and HofT
couplings one has14

8 o = gin(8 - B}, cos(B - B), 1 (25a)
- 0 i
HH (8. Hy,a)
8 sin(8 - 8), cos(f - B) (25b)
z°.(s?.s°) !
2
8 cos(® - B), sin(6 - 8) {25¢)
V)13, 0) )
&_ 0.0 =« ginB/sing, cosé/sing, cotfy, (254d)
uu(H.,H,,a)
1772
cos8/ainB, -sinb/cosB, tanByy (25e)

g 0.0 . °
a1, m

. (mdtans + mucotB) +(mdtanB - u:“cmtﬂ)‘l_5 .

(25f)

These couplings offer possibilities for enhancements in Higgs
production rates above those expected for conventional single Higgs
bosons. There could be additionn} enhancements in gg —+H® crass-
sections from including virtal § loops. Thus SUSY could have an
important impact on Higgs phenomenology at the SSC

Conclusions

® Conventiona! SUSY should be easy to see because of its large
missing py signature

®  The usual missing py signature survives in many \less likely”)
alternative SUSY scenarios, but one may have signatures of
less missing praccompanied by y, €7 ¢~ orqq

® [feither 'J'le?or the Fis light: m = 40 GeV which js certainiy
not excluded by CERN collider dala. then one expects coprous
sparticle production at a high energy supercollider

@ SUSY needs at least two Higgs doublets and tightly constrains
their possible masses and couplings, with interesting
consequences for Higes production at a supercoilider
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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 SU(3)xSU{2)»xU(1) model are deacribed, 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.

1.

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 ete” inter-
actions at the highest PETRA energies, unususl signa-
tures also may be appearing. In this report we summar-
ize cunsideration 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 -sssessment of the new
physics interpretations of these events as further data
are accumulated. To 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 backgroumds
to them, in Section II1. Section III deals with pro-
posals for explaining a clags of radiative Z decays,
while Section IV treats suggestions primarily motivated
by events with large missing transverse womentum. Sec-
tion V considers origins of dimuon events {in pp colli-
sions) and both 2u and certain lu events in e*e™ annihi-

Introduction

II. Events and Background
We summarize the events to be discussed [2-8] in
Table I. These have been reviewed in Rer. [10,11]. We
have not included all reported interesting new signa-
tures, such as the 3o bump in the multijet invariant
mass distribution around 150 GeV gseen by UA2 [12].

A. Apparent 2+2*2"y decays
Each of the UAl samples of &4 2Z+ete™ and 5 zaptu™

decays contains an event with a hard photon, such that
M(£¥2"y)=M;. The UA2 sample of 8 Z+ete~ decays also con-
tains one such event {see Table 1).

An important conventional source of these events is
QED internal Bremsstrahlung. 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 the leptons;
one lepton-photon iavariant mas mps¥ in Table 1I is low.
The lepton energies in the 20 rest firame are:

of
1-:1=—(1——§1) @.1
Extexrnal Bremsstrahlung (in which the lepton encounters
material aftér being produced and then radiates) is un—
likely since then mp, would be extremely low.

The difficulty with an internal Bremsstrahlung ex-
planation of the 2%y events Is the high observed event
rate. The UA2 collaboration has calculated the probabi-
licty of observing an ete”y event which 1s less 1likely
than the event observed (and which leads to a sigmature
of three separate electromagnetic energy depositions):
P(etey)=1.0% per ete~ event. This would correspond to
a probability of BZ for one such ete~y event in the eight
ete~ events observed. A parallel calculacion based on a
simulation program gives 132 for this last figure, or 257
1f one adds together all configurations including ones

lations. Conclusions are driwn in Section VI,
in which one electror and the photon are not resolved.
IaBLE 1
SALIENT FEATURES OF 8 CATEGORIES OF UNUSUAL EVENTS
AT [] GROUP __ REF FEATURES COMMENTS
Ip, 6 2,3 Jets of low charged multinlicity 1f p. cut is 3F 17
jjﬁ 0 ol and lov invariant mass sgainac relaxed to 4o 118, 5
’ZJ;T 1 large missing py limie: ﬂj;.r 3
ei(s), A UAZ 4 A hard e isoloated from i(s) In addivion UA)l reduced W sample of 43 events
T contains 2 with g (¥)222GeV

ey 2 VAL UA2 5.6 EM shoue; isolsted from lepton UAL sees no radiative W decays. UAZ has ome
uwuy 1 val ' patr o2 27y) -Hz Weevy with e,y nearly collinear.
Yp_. ) UAL 2,3 Ev=53,54 Gev One event may he Wrey with missed charked track.'
wTLTI(8) ? TAL 3 6 GeV <m(uu)< 22 GeV
wIuti(s) 3 Host events have j. lLarge

sbundance of K, 4.
23(s) 5 UAL 3,7 Hadronic activity associated with 2. More i, larger E, large n__ than seen in
i 4 events consistent with W production, ami axpauedt?rc-n CD.

m(Z3 (s))"160 GaV
2Ty 1 CELLO 8 v #m4.5 GeV; Little missing Mark J has sinilar events under anmalysis.

ener, All pair invarisnt wasses large.
ui(s) [3 MARK J § s=46.5 Gev; E 1 =30 Gev; Ton distribution too coplamar for

v T -

High sphericity. tt interpretation (2-3c level)
j(s): hadron Jet(s) (occasionally includes charged leptom).
B a substantial imbalance in the gbserved momentum transverse to beam.

large EM shover with no charged track pointing to it.
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" %he abmwence of isolated hard photons in W decay
{51 implies P(evy/ev)$1/50 (for isolaced y). The UA2
collaboration observes oneé event consistent with wrevy
in which separate showers for e and Yy cannot be resol-
ved, The probability for this event to be external
Bremsstrahlung hes been calculated to be 4.5% [6].

B. Events with jet(s) or isolated photon and
missing py

The UAl collaboration [2] has drawn attention to
six events with & jet (A-F in Fig. 2), two with & pho-
ton (G,H), and one with 3 or more jets (4), opposite
large missing pp. The finite coverage of the UAZ de~
tector prevents a similar statement from UA2, but one
candidate for a photon opposite missing pp has been
reported [12]. The UAl events A-H are summarized in
Table III. '

The background from QCD jets (with one jet missed)
falls quickly with miseivg eanergy and is very small for
AEyv35 GeV. One monojet event (F) 1is consistent
for expectations for W+vt with T, and will be ignor-
ed henceforth, The remaining 5 monojet events A-E have

TABLE IT
HADIATIVE Z° DECAYS

c+e-y wty
AL Az AL
o(e* ey | 98725 I
bty [aane | soana ot 7
m( ")lau 4.631.0 9.120.3 5.0 2 0.4
37,5
(e | E8512.5 [ 7m0 [ 5250
5 TG0l (25 T 1V 79
£ e 6.5 | %40 [28.3 %3
10
o]
2€;
M
ATATY (UA2)
osf
o,<{-
I'O'Y(UAZ)I
oz} WY UAY
[/} 1 1 A
(1) [+1] os 2€, 14
]

Fig, 1. Dalicz plot for iy events. E; is the
energy of the lepton with smaller angular sepa-
ration from the photon. M 16 the mean invariant
mass of the events.

Janix 111

Properties of evasts with Ju
inolated pluaten smd minsing
“Charged tratks® demote Thoa:
itk py 0.5350¥/c,

Jeory
i M M0 o Tobln)  oragey
(el 5)  {Eaw) (an (Rev/et)
a BIH 4B 130116 &) Value 1f hard mucn
csersty tacleded 1o fat.
» ~ 3917 106212 Threa charged tracks
I.H-°.79:0.u Cav/e?
[ 2 Asd war E 4 GaV.
o viatble charged track.
3 [ 6 83117 Pour chorged tracks.
(two in &), 7,"-
3.2420.38 Cav/cH,
b 46 4127 87214 Dnrscomstructed tracks.
3% Ml e Tosaibls Wy
G 4¢ 4026 $426
v
] L) 404 9318

theen claimed inconsistent with this interpretstion,
though it is possible that the 1 background was under-
estimated in Ref. [2]. If the 7+(34m)v; modes are suf-
ficiently iwmportant, a background to events B-E of near-
1y 2 events of W+tv was estimated in Ref. {13). Without
a contribution from T+(247m)v., 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 ¢n0
corresponding to an insensitive area of the central
detector: the event may be W+ev. The shower iu eveat H,
by contrast, <cours in a reglon where a charged crack
would be hard to miss.

The monejet events and those involving W + jer(s)
(to be discussed below) have an 0(ag) background consis-
ting of hard gluon Bremsstrahlung with Z(+vi for mono-
Jets) or W(+ve for ejpy). The transverse momentum dis-
tribution of W's in Drell-Yan production has been evalu-
ated [13]; it is quite hard. A similar naive estimate
gives a QCD monojet background of Al expected event for
qr>25 GeV (6 observed) and ~1/10 expected event for
q1>50 GeV (2 observed). These estimates are borne out
by more complete caleulations [14]. For the monoshower
event, the background would be a hard photon Bremsstrahl-
ung together with Z+vo. This is down by a further a/ag,
giving 0.01 expected event with q>50 GeV.

We conclude cthet events A-E and H of Table 111 can-
not be easily dismissed, With the exception of the open

s VA1
150} ‘!
! c
-/ ) A
- ! 6
> B & °
s 00r wo £ %E B A
el hee H 1Y)
—_ 109
w" ® Single Jets
— Sor # x “"Photon”
{' o 2 jets
1 A 3 or more jets
o H 1 1 — 1,
o] 2000 4000
(AE,?  (Gev?®)

Fig. 2. Events with jet(s) or isolated photon and
missing pr. The dashed line corresponds to pr>4o,
0=0,7 . Yere |Ey| 18 the scalar sum of the

trensvercee enercy in the rdetectnr. From Ref., [5].
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Fig. 3. UA2 events with e + jet{s) + missing

pr» viewed transversely [4].

question of some W+Tv contamination ia events B-E, the
backgrounds to these events are all at least an order of
magnitude below the observed rate.

€. Apparenc W + hard jet{s) events

The UA2 group observes four events with etjet(se)+
(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 pgy lies opposite
te electron direction. 1In fact these events are con-~
sistent with W+jet(s) followed by Weve.

On the basis of calculated W transverse momentuim
spectra [13], UAZ would expect "1 event with qp>25 GeV
(tk2y have 3: A-C) and 0.1 event with q7>50 GeV (event
B). This suggests that event A could be QCD background,
as noted in Ref. [4]. The UAl collaboration would ex-
pct 1.5 of their sample of 43 "clean” W+ev events to
have qr>25 GeV. In fact, they have two events with
22<qr<24 GeV [15], but none higher.

D. Noisy" Z events
The UAl collaboration has observed that Z produc-

rion is accompanied by substantial jet activity, Of
their sample of 4 Z+ete~ and 5 Z+utu~ decays, the frac-
tions with (0,1,2,3) Jets are (33%,11%,22%,33%). By
contrast, thelr 68 W+ev candidates are accompanied by
(0,1,2,3) jets (69%,24%,4.4%,2.9%) of the time [3,7].
The jets occurring with W production are found to agree
with QCD expectations, so it 1s the high aectrivity 2
events which appear anomalous. (A signal of equal map~
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(2+2t07)/B(Z+all W)X, %1/6, 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 sam le of 10 wutjet(s) events, 7

with y*u~ and 3 with w*p*, having m,, between 6 and 22
GeV/c2, [Other yu events are consistent with 2 produe~
tion.] These low-muss 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 proceases ¢f tie stundard model only partially
understood, such as gluon fragmentation to ¢%, bb, ...
{16]. Heavy (b) quark pair production followed by semi-
leptonic decays of both quarks may alao play a role [17].
In this connectisn two of the three aame-sign pu events
moy be due to B, Bs mixing [17). However [10],
neither bb nor c: production mechanisms £it the kine-
matice of several of the evenrs.

One u~u~ event could be due to W =th, THu"+...,

il 3 s |
Telww |9 |17}
B ey [Oafielee
10 9 20
Jy s
Tig. 4. The dimuon CELLO event [B] at va = 43,45
GeV. Pair invariant masees and energies are shown
in GeV.
. 2 :5-\
y £ e _
_.a.__~v~<P_ S 25435 x10°
3 3.
R
et § 7.2 |9.2 ls\
5 18 29
Mpp (GeV)

Fig. 5. The 0(a%) contributions to uwtu~jj
together with the expected number of events
plotted in bins of pair invariant masses (from
(8})- Observed event is marked by a star.

b4, .. {Some jets in this event must then not have
come from the W). Similarly, it is not excluded that
one or more wHu~ events come from W+tb or hadronie tt
production [18]. The recent announcement of events
compatible with W+tb, t-bv [19] should allow more pre-
clze 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
[20].

F. CELLO uu + 2 Jet event

Fip. 4 shows a sketch of an interesting event seen
in ete” interactions at vs = 43.45 GeV [8]. The event
cannot be interpreted as the semileptonic decay of ¢
and T quarks because there is insufficient rise in R
and no tt onium resonance. The data canmor rule out a
fourth Q=-1/3 quark, but its semileptonic 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 ¥ig. 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 squarted
matrix element 15 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-
tora might have observed such an event 5o 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 p pairs and jets, but the back-
ground analysis has not yet been complered {21].

G. Mark-J y + (planar topology) events

The Mark-J group studied events of the fomm etem+
w+ (hadrons). When a cut on events with thrust<0.8
was applied, one expected a background of 1.1 events at
the higheat energy (Vs246.5 GeV) by extrapolating from
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lowes-energy data. Instead, 7 events were seen {22].
The hadronic activity in these events is predominantly
confined to a plane which, however, does not coatain
the muon,

The study of these events is continuing, plagued
by the difficulties of running PETRA at euch high ener-
gies,

ITI. NEW PHYSICS IN Eix EVENTS?

A, Excited leptons
The decay Z+Xi*, i*+iy is expected in some schemes
of compesite quarks and leptons. Several authors (23,

24) have ascribed the observed LIy events to this pro-
cess. The excited lepton is produced and decays via a
transition msgnetic moment.operator of the form

1 -, uv
n %o "Fuv (3.1)
A small scale As100 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 chiral constraints on

couplings are necessary. The procesa W+ui¥,

2%+iy can be suppressed {forbidden) by making L
near (above) My.

The excited lepton scenario has severe difficulties
with the Dalitz plot. Both the high and low (2y) invar-
iant masses differ by n3o for the ete™y events, &% is
assumed ko correspend to the high value as the low-mass
2* 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) leads to ao essentially flat
distribution in this mass [24].

B. Scalar boson in Z decay
An alternative explanation of 2*2-y events via 2

decays involves the chain [30-34]

Prxr . (3.2
|38

where X is a scalar or pseudoscalar boson. The observed
£*42" invariant maases are barely compatible with one an-
other and with limits (My>47 GeV) from Bhabha scattering
[34,35). A band at fixed £*2~ 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 gtate =+ f%y .

It is possible that scalars expected in composite
or technicolor schemes are hesvier than the 2. In this
case they could still yield the observed Ziy events
provided their mass is less than ~100 GeV [36]. In
this scheme the scalar (or pseudoscalar) boson R is
taken to have large couplinga to feruions only if chese
couplings are chirally invariant. A class of dimension
7,9,... operators then arises which leads to matrix
elements for R+2£+i~y which vanish in the aoft photon
limic and peak along the edges of the Dalitz plot. The
peaking 18 not sharp enough to predict the observed dis-
tribution, but it is a step in the right direction.
Operarora in which 2 ie replaced by v also occur, lead-
{ 3 to mono-~shower events.

The scale f:ctor needed to obtain suitable produc-
tion rates is, as usual, uncomfortably [26] low: An100
GeV.

In both X and R boson mechanisms, qdy events are
expected with M(qqr)=Mz. Present data cannot exclude
such events [3], .

D. 2 mixing with exotic quarkonium

The Z wauld appear to have anomalous decay modes
{f 1t was degemerate and mixud with some other state.
One such rndel [37] envissges the Z mixing with an ex-
cited 17~ onium state of a quark with exotic color.
This is mpsumed to decay to the lowest 17~ gtate of

wasa ~50 GeV via emisafon of a hard photon to a D -
state, folloved by a soft (unobserved) photon. The low-
est 17 state will occasionally decay to gtg~ giving the
observed signature. A sufficient rate requires essen—
tially complete mixing of the states, with a 2Z branch-
ing ratio for the £*i-y decay chain.

This scheme has much in comson with the X boson
idea mentioned above, 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 1S and the Z nearly degen-
erate with 2S.

E. Composite W,Z
1f the W and Z are composite [27,33,3B-40], opera-

tors of the form (G/A2) F¥V 2,0 Z, could occur. The
branching ratio for radiative decays is then [38}
I(z+2*iy) 0 2%
+otg~y - z
Ty v ¢ (3.3)
This is sufficient only 1if G>>1 fovr AgM,. Ome would
then expect to see Z+qqy [41] or Z+qlg {i.e., Jii) [34].

If A is so low [41], however, one would expect s momen—
tum dependence of vector boson mssses, deviation of p
from mity, and W radiative decays at a large rate.

Perhaps the worst feature of this schéme is that it
prefers large invariant maases for both (y2) 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. Bremdstrahl-
ung does the best, and a composite Z the worst,

A model with an effective Zyy vertex [43] also hss
been propoaed. 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 atate 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 inm neutrino scattering. Ome
would also expect the 90 GeV state to decay to virtual
Z(+VV)+y, giving the monoshower event(s), and to be pro-
duced in € 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 hoson is pro-
duced via W fusion with a quark subprocess cross section
of leas than 10~4 nb 145]. Quark luminosity factors
reduce the pp cross section still more.

IV. NEW PHYSICS IN EVENTS WITH MISSING pg?

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.) ‘Theae include monojets (if
interprated as j+Z, 2+vV); monoshowers (if y+Z, Z+v¥),
"noley" Z events, and W + jet(s) events., This mass
range will be more eificiently studied by raising the
SPS energy (/5 = 630 GeV in the frrtheoming tun), 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 pp(jet) spectrum, can con-
spire to produce a peak.

B, Higgs bosons

It has been proposed that many unusual SPS events
(ej (s)pp, 3. YPT) come from decay of a 160 GeV Higgs
particle [46]. The cross section must be enhanced by
2106 with respect to nsive egtimates in order to sbtain
a pufficient event rate (n103 produced at CEIN). This
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. enhancement makes the Higgs boron so broad (2200 GeV)
that a peak is wunlikely, and production violates unita~
rity [47,48].

C. New gauge interaction

As an example, we consider the case of "odox™ [49],
a proposed interaction with AguAqcp and with the 1light-
est odor quark having a mass of v75 GeV. A spectrum of
00 ("odoronium") bound states betwsen 150 and 300 GeV
is then expected. GO production leads almost exclusive-
1y to odoronium. It is necessary in this acheme for the
00 cross section to be vl nb. (A perturbative estimate
falls short by about a factor of 100, for color triplet

0 quarks.) The observed events are then ascribed to
specific products of 00 annihilation, e.g.
00(17) >~z W : dfr (4.1
o
06(07) z¥ i Yhp (4.2)
v

However, many other decay modes are expected, and it is
not clear they all occur with consistent branching
ratios. ([See Table IV] Noteble is the prediction {50]
that approximately l0ete~ and wu~ events would be ex-
pected from the 17 decay. The jet-jet bump aeen by UA2
{12} around 150 GeV should alsc appear in the 3j spec-
trum., It is not clear whether odor gluon (G) emission
is visible; odor gluons shou.d form odor glueballs (GG
or GGG) which are invigible 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 Higgs boson. It has
been suggested that these problems can be overcome by
producing a wesonic state, predominantly.via qq fusion,
which is a color octet [51]. Thie idea takes advantage
of the large qq differential luminosity (6 times larger
for uli than for gg at vs = 540 GeV and M=160 GeV), and
allows for decay channels involving a weak boaon (such
as gW, gZ, gy} at a rate down by only one power of o/ag
compared to the leading decay channel. Furthermore,
for a given partial width to q§. the production cross
section for e color octet meson Mg is B8 times larger
than for a color singlet.

In Table V we show the number of events expected
at the CERN collider if o(Mg)=o(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
ejpr 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,

TABLE 1V
1~ DECAY T0 EXPECTED EVENTS _POSSIBLE SIGNATURE
888 45 131 bump at w150 GeV
GGG 45 odor gluehalls: invisible
G2gd 12
g2 172 i(s) Pr
ZH, Z3ov 5 iV
26G, Zeetim 1 2= p
2gg, Z+ate- 1 he- jfs)
2GG, 2+qq 10 EELN
YH, H+bb 5(unless my<2m,) Y3
1 > Y3
ete™, yhy— > 5 each high inv. mass _gt2—
0~ DECAY TO EXPECTED EVENTS _POSSIBLE SIGNATURE
8E 15 3] bump at m=150 MeV
GG 15 odor glueballs: invisible
g?c? 1/7 EERL
zy, it 1/20 -y with w(EHe-y)=150 ced
H3G Hobl 1 1Py
2y, 2o 1/3 g

£%2~ includes e¥e~ and whu- contributions,

TADLE ¥, Decays of color octet mesons
(based on Tabls of [51]})
DECAY MODE 1 _EVENTS DECAY WODE 4 EveNTS
Mg*qq 500 Wellq 500
Hyog¥ 37 Toqq 100
Hy*gZ 23
Hyrgy 100
Hy+gZ
Ly 4
Mot . 2.2 Wive 3
Ha'el - .7 Zeete 4
TABLE VI. Decay modes of mn excited quark
[from ReE. 56}
Awf'=150 GeV A=50,A'=15 GeV
HOZE SIGNATURE # EVENTS EVERTS
PL T 35 bump at 150 Ce¥ 10 (5]
qiayq Jv bump at 150 GeV .2 20
V]
e o e .04 4
z
et L M .04 s

E. RNeutral leptons
The previous three explanations have assumed pr to

be Z+ vV, where v is a conventional neutrimo. It s al-
8o possible that iT could be carried off by a heavy neu-
tral lepton vy of a few GeV mass, such as & fourth
sequential neutrine v, [52,53] or a_mirror neutrino vy
[52-54], produced in the decay Z+vyvy.

4 sequential neutrino v, typically has neutral-
current decays suppressed via the GIM mechanism. To
give misaing pp, it must decay outside the detector.

Its mass must be chosen very carefully for this to be
reasonable. Et could give monoshower evente by oc-
casionally decaying to y+v; (i=e,n,7). In that case
one would alse expect yyfy events, with Hlvydp)M,. In
many cases the neutrino v, must decay inside the detec-
tor, giving rise to monojets with charged trascks origi-
nating some distance away from the interaction point.

For a mirror neutrino vy, the GIM mechanism is fru-
strated, and one expects [54,55] B(vy~vw9)=0.1, B(vrvt
hadrons)=0.2, B(vy+42'v)=0.2, B(v*2+hadrons)=0.5, where
{ is a charged lepton. The missing py signature is then
expected to come from VH+\N;. The monojets come from
such decays as w*Z+hadrons. The low charge muleiplici-
ty in the observed moncjets and their low effective mass
(when all tracks are reconstructed) argues for M(vym) <
(few GeV). The mono-shower events correspond in this
scheme- to a less likely decay such as-v*vt(all neutral
hadrons). .

In future runs the sequential [52) and mirror [54]
achemes may be differentiatied. The sequential neutrtino
18 expected to have a sizeable radlative decay, so that
¥, Y% events should be seen. The charged tracks should
in general originate a detectable distance from the beam
plpe, reflecting the finite lif=time needed to account
for events with migsing transverse momentum. The scheme
based on neutrinos with a vwV decay mode can account for
monojets without finite lifetime effects, but predicts
i3 as well as jpr events in which j has a high lepton
content. Both schemes have difficulty in accounting for
the most gpectacular jpr event ("A" of UAL) unless ano-
ther Z 13 postulated [54].

F, Excited quarks :
A model [56] which could account fcr snomalous 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(g*)}*'150 GeV. The q-q*-gluon coupling
1s assumed to be of the anomalous moment type with scale
A, and q-q*-(W or B) couplings are also sssumed to exist
(B 1s the boson of elactroweak U(l)y) with scale A'. &
natural choice for these scale factors would be a compos-
iteness scale, which might also be M(q*). gq* 1is produced
by guark-gluon fusion and decays via q*qg,qv,qZ2,q4. The
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expected nuber of eventy for [{des137nb"! are shown in
Table VI {56].

Although there are signatures for ji » j¥re, and
3] events expected, thére are rate p:oblen 1f A=A'=150
GeV. It would seem necessary to lower A=A' to 15 GeV
to obtain a sufficient rate for jiT and jilc, but then
the j) rate would be too high. Moreover, other high
dimension operators with the same scale (e.g., £1q3)
are excluded by present data [26]. The result of t.ld.ng
A#A’ is also shown in Table VI. The pumber of jy events
is et1l]l large (shown for Q{q*)=2/3). - It would be re-
duced to 5 events 1f Q(q*)=-1/3, Again (as for color
octet mesons) the yj signature appears worth looking
for,

G. Supers: 57,58

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

The most favored supersymmetric phenomenclogies
have an unbroken R parity enguring the stability of the
lightest asuperpartner, taken to be the photino ¥. This
neutral particle, which interacts with strengths similar
to that of the neutrino, is expected to carry off misa-
ing transverse energy. However, the observed events
with large pg do not involve the predicted broad jets
[60] opposite this momentum which would result from
W+4¥, ¥mqy. Instead, the jets appear narrow. Any
supersymnetric scenario must cope with this feature.

We ave aware of five variants, involving production of
88, 44T, 4§, ¥§ and even ¥, upon which we now comment.

1,2. Gluino, squark pairs. The CERN collider can pro-
duce light gluino psirs copiously [62], and isolated gp
signatures have been recognized as useful for gluino
searches {63]. Gluino {66,65) and squark [66) pair
production in fact yields monojet events under the UAl
event selection eriteria, as a result of loss of soft
jets or coalescence of two jets, The ﬁ; spectrum re-
sulting from qqf production (§+q¥, § ¥) 18 harder
than that from § production (g*qqﬂ [65]. and the jets
are narrower, 50 qqf 13 preferred. However, since most
models do not give squarks much lighter than the gluino
{66,67], it is likely that both mechanisms contribute.
The predicted jgr and jjlﬁ-r rates for various squark
masses, assuming the UAl selection criteria, are shown

in Fig. 6. Squark masses much below 35 GeV are ruled
10% ¢ —
pb E i = 340 Gev PP-=0q3
[ g
10 -
-
10t 2
10
3
' A | 1 | S A e,
0 20 40 60
mg [Gev]

Fig. 6. The total and topological cross-secticn
for 4§ produetion followed’by §+q¥ mfcay giving
one- or two-jet final states with Py , and
fulfilling the UAl trigger »ondi:ions.

out by the cbaerved monojetr rate, and similar limits .
apply to the gluino mass. The spectacular monojet
event "A” of UAl, and possibly the event “B", are left
unexplained for a aquark or gluino mass of 40 Gev,
which otherwise fits the observed py distributions.

3, Siogly produced squarks. The mechanism §q+J could

lead to.simgle squark production. One would require

a gluino of about 25 GeV (a lighter § aeems ruled out
by jidg date [67]). The signature would be g+q7 (68].
This mechanism could account for the observed number of
monojets, even 1if w-ul50 GeV [§3). The decay §+qf can
provide a jj bump at 150 GeV, as seen by UA2 {12], and
J+iq, WY, Wev yields ejgt and a possible explanation
of the UAZ event “BY of Fig. 3. A related mechanisn,
&q+¥q, has also been proposed as a source of monojets
[70]. However, all these mechanisms require far more
£ in the proton than one might expect for heavy quarks
{such as t [71]).

4. Heavy squark, light gluino {72]. If the gluino were

only slightly more massive than the photino it could
escape the detector before decaying to g4y, thus frus-
trating the 25 GeV lower bound on its mass. In this
case squarks could be produced singly even if their mass
vere as large as 100 GeV: gq+33. Presumably the monojet
signature would come from d+qg, where the energetic
gluino 1is missed.

5. Photine pairs. One model with broken R-parity en-
visions production of a pair of 5-8 GeV ¥'s, followed
by y+tTvy 173). Tha monojets occur when one photino
produces a fast v¢ and a vt pair with py<l0 GeV, while
the other throws the t#r~ forward. The wonoshower event
is viewed as a fluctuation to zero observed charged
mulciplicity of the 17 decay products.

6. @f production. The processes qq*§ and qg*#§ [74]
can give ej (s};l- signatures. Rates for these processes
are generically deu'n by at least an order of magnitude
compared to Bg, qq , and §§ production [S58]. Optimal
values for §, §, and ¥ masses could enhance the signal
{75},
H. Heavy quark

We note that one UA2 event of e2jpr (“C" of Fig. 4)
i8 barely compatible with heavy quark pair production,
PPQQF. .., QoWkq, Weev; (oWHG, W*qq [76). Here q has
to be light (my<few GeV), which may not be favored if
Q 1s the lightest member of a fourth generation ([77].

V. MECHANISMS FOR yu + jet(s) AND

u_+ (PLANAR EVENTS

A. Leptoguarks
It has been suggested [78) that the CELLO event [B)

15 due to the reaction E*‘e"*LL, where L 15 a leptoquark
which decays to u + jet, This poesibility can explain
the apparent back-to-: -ck nature of each v + jet in the
event., However, it enteils large cross section for
leptoquark pair production ac the CERN collider. The
observed 2u + jet(s) signal mentioned in SII.E can be
used either to bound leproquark pair production, or to
provide confirmation of the hypothesis,

B, Neutral heavy leptoms
One possibility suggested for the CELLO event is

the preduction of a palr of neutral leptons "H"H' either
via a virtual z° 18,79) or via a new, weakly coupled
"Z;" in the 50-70 GeV range (79]. In the latter case,
vH “could be a right~handed neutrino "N" of the type
described in Refs. [54,55). The decays zD»v v, or
Z,‘-'NN should then be observable at the CERN :oglider.
A'Z, (50-70 GeV) should also have an observable ete”
decay mode, and should affect electroweak asymmetries
at PETRA. Both signatures will be visible in forth-
comlng lmprovements of present data.

A neutral heavy lepton, produced in palrs, also
could be responsible for the Mark-J events discussed in
§I1.G. One neutral lepton would decay to v+(hadrons)
and the other to (say) 2&'v or w+(hadroms).
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1C. Heavy quarke

The #ark-J events have some properties in common
with semiieptonic decays of heavy quarks, Possibly re~
lated features are that (i) the largest fluctuation in
R occurs st va=44 GeV, and cannot exclude the 1S bound
state of a Q=-1/3 quark and its antiquark; (i1) R 1»
sufficiently poorly measured above 45 GeV that one can-
not exclude the threshold for a Q=~1/3 quark. Further
atudy of the Yamil GeV region 1s in progress, and will
probably be able to setzle the guestion of whether s new
quark is responsible rfor the events in the near future.

VI. CONCLUSIONS

A summary of our findings is presented in Table VII
and VIII, A glance at Table VII is quite rewarding.
Theorists have found the kinematics of the £¥2”y events
essentially impossible to explain except as a statisti-
cal fluctuation of bremastrahlung, which thus remains
the most 1likely source.

it 1is easier to invent explanations for events with
large pT, but few ideas apply to geveral event catego—
ries at once, and few explain the event topologies and
rates in a natural wvay.

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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LOW ENERGY SIGNALS OF COMPOSITE MODELS®

Compositeneas Study Group at the SSC Theorstical Sorkshop

R, Barbleri. 1. Bars, M, Bowick, S. Dawson, K. El1l1s, H. Haber, B. Holdos, J. Rosner, M. Suzuki.

SUMMARY

Some signals of compositeness that represent
dsviations from the standard wodel at lou energies rre
discussed. Emphasis is given to exotic composites,
strong P,C violation beyond the weak interactions and
small deviations fn relations among the parameters of
the standard model. Such effects may be detected at
energles obtainable at CEAN, LEP and the SSC.

EXOTIC COMPOSITES

If quarks and leptons are composites of precrs
with a scale A_, their low mass {(m<<A_) can be
understood only If there is a preonie ch!.g'al flavor
symmetry group G that is not spontaneously broken in
the vacuum. G dust include SU(3), x SU(2), x U(1)_ 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. 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 forces, (e.g.QCD), It i3 a good
approximation to use the enlarged {globally couserved)
G, to cla’sify all massless or massive composites in
1Fr‘ednc1b1e representations of GF'

The massless composites, classified as (R]) under
G_., must satisfy certain consistency conditions' if
tﬁe symmetry G is to remain unbroken. General unique
solutions have been given to a set of very restrictive
conditions®. Thus, it 18 now known that there exists
& classification of possible precolor groups and
precolor representations (preons}) that yileld a
predetermlned set of massless composite states {R}.
Potentially realistic examples can be found among
these models.

The next stage 13 to analyze the SU[3) x SV{2) x
U(1) content of these representations to determine the
quark and lepton structure, There may be pore than
one way of embedding SU(3) x SU(2) x U(1) in G.; each
embedding may give a different Structure. ne may
find along with the massless quarks and leptons that
there are massless exotic composites in the sense that
they carry high color or high we=i-1sospin or high
hypercharge (or electric charge):

{R] = leptons = {{1, I) }
+ quarks = {{(3, I) }
+ High color ¢ [(6 or 8 or 10 etc., I)y)

where the 1sospin 1 and hypercharge Y may take
non-exotic or exovic valuea. The emergence of exotics
is not necessary in every model (9ee e.g. ref., 2) but
they may occur quite naturally in many models,

When the symmetry 1s broken from G. to SU{3) x
SU(2) x U(}) x Baryon no, x Lepton no., the exotics
must become wmassive while the ordinary families are
still massless {exact SU(2)). Since by definition
of G., this breaking 1s assummed to occur at a scale p
conglderably smaller than A , p << A_, the exotics are
much lighter than the heavyp composit.pes. The study of
exotics {a therefore Iinteresting since they may
provide some clues? of compositeness at energies much
smaller than A_. Furthermore, it 15 conceivable that
high color exbtics may play a role in electroweak
symmetry breaking® at 250 GeV and generate masses for
the quarks ana leptons in a composite medel”, The

abnormally energetic events seen at UA1 and UA2 at
CERN may be associated with sxotics.

These remarks provide some motivation for
studying exotics at this worksnop. We report here two
posaible occurances of exotlcs 1) Exotics produced
freely, 2) Exotics within non-exotic bound states.
We concentrate on high color exotics since their
production cross section 1a large in pp reactions
alresady at CERN energies.

In the reactlon
PP or pp + GQ + anything

The palr of high color exotics (QQ) may be produced
freely or in a bound state, depending on the strength
of the QCD color force that acts on them. 7The bound
state may be in the form of -onium (like charmonium)
or in the form of a pseudo-goldstone (n'-like object)
i1f high color plays a role in electroweak symmetry
breakdown at 250 GevV. The observation in the form of
a bound state {8 possible only if the lifetlme of the
composite state is shorter than the lifetime of the
individual exotic fermions,

The doxinant parton subprocess in the production
of high color exotics 18 gluon fusion g + B + Q+«Q.
the production cross section 1s enhanced by color
factora relative to the production of heavy triplet
quarks, bound or free. The production of a bound
state X=QQ is given by

1
o(ppetsany) = [r 21
r

i, {w)
ﬁf dr |1eM /s
X

where [, 13 the decay rate of X#gg if Q i3 a color
triplet, t dlL/dt is the parton effective luminesity
factor, as given in ref. 5., and the last bracket is 2
color factor for the color representation r: d {is
the dimension of the representatlon and q,. is related
to the quadratic casimir operator normalfzed te 1 for
a triplet

For Mxs150 GeV, we estimate [{X+gg)=1-10 HeV for
either -onium type bound state or goldstone type bound
state. At CERN energles, vs~5u40 GeV, the luminosity
factor gives a cross section

g - {(10-7 - 10-*)nb

wieh 1s too small to produce: any appreciable number
of events. Thus, surprisingly such bound states may
bide quite well at CERN. However, at the SSC, for Mx
- 1 TeV, I'x 1s estimated to be ~ 300 MeV, and at vs =
40 TeV the much larger luminosity factor produces

g - 10-% nb
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The analysis of the aignals may be done as described
in ref. 6, for a similar bound state of two gliuinoe.
Such a state may produce detectable signals at the

.

The free production and subsequent decay of
certain exotics can produce a much larger number of
eventd so that their detection Ia enhanced by many
orders of magnitude. See, for example, sstimates of
gluino product. n and detection at CERN’ or the SSC
energles®. Composite exotlcs with ceitain properties
that can produce energetic Jet signals plus large
uissing energy with cross wection of the size slleged
to be detected at CERN can exist in composite models.
A minimal example of a model containing a zero-charge
color nonet L, *+ L, is given in ref. (4). In the low
energy theory one finds effective couplings of the
form

Leff = T, PL, + L, 4L, + g L, Fuww o™ L,
[y
p

where D L,=3L,-1g [A,L,] couples the gluon to a pair
of octeta and g/A_ describes the magnetic coupling for
the gluon + oct + singlet. Since the octet and
singlet carry the same global quantum nuabers (they
come from a nonet) the magnetic coupling is nct
suppressed by factors of (mass/A_). thus, the octet
decays dominantly to the singlet”plus a gluon with a
decay rate

3 2
Te = L ogcp M3/t

This may be small, but since ft {s nearly 100%
branching ratio, it 1is only the magnitude of the
production rate that determines the number of eventsin
the final state. The production cross section for the
octet is large at the CERN (and higher) energies, as
estimated” for production of U0 GeV gluinos 1in
supersymmetric theories, and can produce many events
With Jjets » missing energy of the type and npumbers
alleged to be seen at CEAN. Thus

Gluon + Gluon » octet « octet
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
uaz. Irf one of the octeta has a slow forward
momentum, the momentum cuts will make it appear as if
there was only 1 energetic Jjet 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 same global U{t} quantum numbers will have
effective interactions of the type described above.
The decay rate for sextet » triplet « gluon ia similar
in magnitude to the actet deseribed above. [If the
triplet does not share the same global quantum number
as the sextet, then [, {s suppressed by a factor
(2/A_)2]. The production and decay of a pair of heavy
sextBts will now produce 2 + 2 = b energetic Jets In
the final state without any large misalng energy.
This kind of signal may help or destroy certain
models.

An  excited triplet quark, which also has
unsuy, sed magnetic couplings with & gluon and a
Guark, would differ from the properties of th: sextet
described above, For one thing, the mass of Q is
likely to be of order A_. But, if acwehod {ts mass
were Jow, it will .be "expected to have effective
magnatic couplings Q@ o qFuy with F_« photon, W, 2
in addition to gluon. us, from Yhe ratio of the
coupling constants for

» = . .
Q+q*8 : Q +q+Y : Q *qeW : Q +q+Z,

taken proportional to the strenths of the gauge
coupling constants, one may estimate the ratio of
number of events for

Jetslet : jet+¥ : Jeteey : jet+yy : Jatsce,

with a result
0 : 1t :0.3:0.7: 0.1

Unfortunately, this pattern does n>t appear to
correspond to present chservationa. Furthermore, the
absol:ie number of events would be too amall if the
magnetic coupling is of order 1/4_. (The sextet
descrived above, $:I charged or if it %aa weak {sospin,
would also produce signals of the type discussed
here.)

It appears that further study of exotic
composites, with possible applications at CERN or the
8SC, is warranted.

STRONG P,C VIOLATION

In the models with purely fermionic preons it
appears lmpossidle to preserve global flavor chiral
symmetry if the gauge precolor interaction 1a
vector-1ike®, By contrast, in left-right asymmetric
chiral theories the necessary chiral preservation
conditions can be satfsafied *'%, Thus, we are blased
to believe that a preon theory is 1likely to violai-
parity (P} and charge conjugation (C) (but perhaps not
PC} by large amounts 3t the scale A, Since the
elassification of composites and the dcBiinant strong
interactions (precolor) are expected to be lefi-right
asymmetric. (Theorfes with scalar preocns may avoid
this conclusion). If we uere doing experiments at
energles near A_ this fact, if true, would be readily
apparent. Ho¥ever, at low energies E<<A_, the
effective lagranglan contains symmetry vYolating
effects in terms proportional to 1/A_ (such as U-ferami
terms), which are not easily detdbtable until the
energles are sufficiently hign. As emphasized since
the early days *°%, it {8 very interesting to test
this distinguishing aspect of preon models by looking
for P or C violating effects that increase with energy
and eventually aurpass In magnitude the parity
viclaticn of the weak interactions,

In this workshop we considered the possibility of
polarized proton bdams to help determine the chirality
{and hence the P,C properties) of the contact 4 ferni
interactions with astrength 1/4A2, The initfal
discussions revealed mainly the d&ﬂcultses: At the
SSC energles mainly the sea partons dominate’.
Therefore uwe do not expect mch effect from the
initial polarization of the proton which 1s mostly
shared by the valance quarks. Furthermore, in the
rinal state we cannot distinguish a quark let from an
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‘
ant{-quark jet. This prevents distinguishing final
helicities! In addition, since the expected
asymmetries are ssall at E<<A, the parton
distributions must be better underdtood to clearly
disentangle the effect.

Another possible test of P,C violation in contact
terms involves polarized eléctron-electron or
electron-positran scattering, The available energies
and resulting effect are of course much smaller, but
the aignal would be cleaner. One could _messure
forwWard-backward asymmetries in ee+ee or ec+ee with
initially polarized electrons. Some estimates have
been done by Peskin®. _A_more {nteresting test would
be a measurement of ¢e+rt with initially polarized
beams and observation of the polarizations of stopped
1, t. A deviation from the helicity amplitudes and
rates of the standard model may indicate the presence
of contact terms with certain helicity propertiea.
General i4-fermi helicity amplitudea and cross sections
that can be applied to this problem are defined In
ref. 10,

1n addition to separate P,C violation it Is
interesting to consider (PC=T) violation 1in the
contact terms, although there J§a no compelling
theoretical reason to expect it. A possible effect
involves the quantity

do = A

dqdy (pprev) -

y=0 ysgl_J’Efv)

do__
dqdy
A signal above the standard model background would
result if the 4-fermi strength i3 A2/2A%, with A%eln,
A ~5 TeV, and vq?' 1s 1larger than 500 GeV. For
example, at vg* » 1,5 TeV the quantity A would be 5
times larger than the Drell-Yan background. The
effect gets larger as vq® increases.

By far the surest way to observe the possible
strong P,C violation 18 to do experiments at large
energies E 2 A_. If A 1s not large relative to the
SSC center of mass part?on-parton energles (see ref. 4)
the best way to distinguish vjable models may be
through asymmetries. Estimates of asymmetries have
not yet beent done for such energles, but a formalism
that provides the methods and some crogs section
estimates at E 2 Ap has been developed, '*

SMALL DEVIATIONS IN THE STANDARD MODEL

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

As an example consider the Y-Z kinetic mixing of
ref. 12, This arises from an 5U{2} X U(1) invariant
term in the effective Lagrangian

‘l 2 h g
FEE/A BT [ (D DI ,]

where M 1s the 2 x 2 matrix of [sU(2) x L(1)]/u(1)
Goldstone boson fields (effective Higgs), DuM = 3M =~
~1B W (1/2) M + 1g*' M(7,/2) B , and B =3 B - 3 B

is the field for B .  Note"the pré’é’enm’éJ Br 1\', Ytnat
breaks the right hallded isospin: This i{s assummed to
arise from an underlying preon theary or extended

technicolor theory) with the abiltiy to generste
up-down mass differsnces. Electrowesak spontaneous
breakdown allows us %o replace M by the vacuum
sxpectation value v, thus generating B-Z or Y- mixing
in the fora

1., inY
-3 £'Cosd Auv z

where Apv and Zuyv are the photon and Z. fleld
strengths, and tan 6=g*/g 13 the Weinberg angle. the
parsmeter E' may be estimated by relating it to
4-rermi {interactions that vilclate the right-handed

1sospin. It's magnitude may be as large a3 L' =
0.0{ , unless It is suppressed by a factor (v/m.)’. m
is the dynamically generated mass of a hlgh-cglor 09

technicolor quark.

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

§%- sin® @ +E'Sine Cos?e ,

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

¢ D) [142é—— (1-57) +...]
L l ev r e
Z5/fe - E2s |

This causes a shift in m,  or ,-n.-mz up to 1%
i v/my.
H.::)fwenvuetr,suspiel,;:eesstehde be)}rec/tge interaction above ls only
an example, a more general structure can lead to a
hift in m m_ , according to the morve
;:Jgf:l Srormulas in re?., 12) 1t {3 hard to obtain a
precision measurements of L with present techniques.
However, measurements at the Z resonance could reveal
shifts 4n m , as well as modifications in the
couplings of zthe Z, as In eq. 46 of ref. 12, thus
signaling deviations from the standard model due to
the presence of a higher scale.
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EUROPEAR FACILITIES AND PLANS

John Ellis

CERN
CH-1211 Genevs 23, Switzerland

Summary

The capabilities and time achedules of present
and planned accelerators in Europe are reviewed. The
history of the Large Hadron Collider (LHC) project 1s
recalled, and the reaults of machine feasitility
studies are summsrized. It seems possible to build
in the LEP tunnel a pp collider with Vs = 10 to
18 TeV and a luminosity of lO33 cn’z sec_l.
from the Lausarne Workshop on LHC physics are
reviewed, and some aspects of Higgs and supersymmetric
particle production are discussed.

Results

Present and Planned Accelerators

SpPs Collider. 1n the past thig machine has
operated at a centre-of-mass energy Vs = 546 GeV at

an instantaneous luminosity up to 2 x 10 :m-z sec-l,

and has accumulated an integrated luminosity of about

102 ab™! . Plans for chis year include a test for an

exploratory run in a pulsed mode, with the beam energy
oscillating between 120 and 450 GeV on & time-sca'e
measured in tens of seconds. It is hoped to achieve
next year an instantaneous luminosity of order

102 w2 at V& = 900 GeV , which should enable
searches for Centauro events o1 any_other novel
phenomena with a threshold below Vs = 1 TeV . Also
planned for this year is a conventional physics run at
Vs = 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 & factor of 3 to 5. In the future, it
is planned to upgrade the SppS Collider with a new T
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

0(103) nb_1 before then, and perhaps 0(104) nbhl
afterwards, Plans for detector upgrades include a
microvertex detector for UAl during 1984, and
subsequently improved calorimetry. UA2 plans include
Ring Imaging Cerenkov (RICH) in the forward direction
during 1984, and improved solid angle coverage for
their calorimetry in 1987,

LEP. Access pits are being dug, as well as the
part of the tunnel under the Jura mountains. The
first ete- collisions are expected towards the end
of 1988. In its first phase (LEP I) the centre-af-
mass energy Vs € 103 GeV with an instantaneous

luminosity < 1031 cm_2 aec_l . The cost of LEP I ls

about 4.5 % 108$ . Probably it will be run for at_
least two years at the Z° peak, gathering up to 10’
2° decays. Also, the latest data on the t quark
make it seem quite likely that toponium 1S too heavy
to be produced at previous lower energy ete~
machines, and that LEF may provide the firat detailed
exploration of the toponium system, something which
might take a year or more. Beyond LEP I there are
options for increasing the available B 5 called
generically LEP II. One possibiliry is to fill up the
first two planned RF galleries with superconducting
RF. This would provide vs up to 140 GeV at

luminositries up to 102 o2 gec”! . There 1s also

provision for excavating two other RF galleries and
£i1ling them with superconducting RF which should give

Vs = 180 GeV &t a luminosity of 10 2 cm sec-l .

The cost of LEP II is estimated to be about

1085. 1 1/2 times the part of the annual CERN budget
available for LEP construction. The additicnal 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 ie not uureasonable to foresee
LEP 11 starting to operate above the threshold
in 1992, and then ruaning there for at least two yesrs.
Four detectors are currently under construction for
LEP. Among these are ALEPH and DELPHI which feature
TPC's and other slow drift devices, and OPAL and L3
which do not have such slow drift devices, end could
perhaps be used in a modified form at the LHC,

HERA. Thia ep collider was finally approved in
April 1964, aad civil engineering is expected to stact
soon. It is planned to collide 3C GeV e with
820 GeV protons for a total center-of-mass energy of

314 GeV, with a luminosity around 1032 cn_z sec-l .

A simpler, cheaper and higher field magnet design is
now being prepared, which might enable higher procon
energies of O0(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 ete”™ 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 suitsble for a toponium
factory. As for possible subsequent developments of
HERA, the internal diameter of the tunnel is large
enough to contsin 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 x 10B § . About a third of this is being covered
by contributions of labour, materials and components
by countries outside West Germany, including Iraly.
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 (LRC) Idea.
Ther¢« were mzny 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
iarge 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
ete” energies) and diameter (large enough to leave
room for hadron magnets). Discussion of an LHC was
greatly gstimulated by the recent success of the Spps
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 studylrcvieued 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 A1l this activity was summarized in
presentationsd 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
zeview here the “feasibility study of possible
options” for a Large Hadron Collider in tbe LEP tunnel
wade by the CERN Machine Group, so I will do the best
that I can. The three main options considered have
been:

(A) PF 4in a single beam chamnel, with either
present day or futuristic high-field magnets. Such
a device would yield relatively low luminogity and
need a relatively large aperture so as to allow
separacion of the beams (Fig. la),

Possible Options for LHC Beam Channels

Figure 1

(B) Two beam channels with a common magnetic
eireuit (Fig. lb). The space available in the LEP
vunnel can only accommodate one cryostat to contain
both beam channels. The most interesting possibility
1s 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 flelds in the two channels either antiparal-
lel (allowing pp in separated channels or ppF in
the same channel) or parallel {allowing pp in
separated channels). If one goes to high-field mag-~
nets only the antiparallel pousibility (permitting
pp ) 1s available.

(C) Two beam channele with independent magnetic
circuits (Fig. lc). In this case one 15 restricted
to moderate magnetic fields, buc either pp or pF
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 :echnola§i-
cally as well as making the most physics available.
The attention paid to the different optionas 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 Tx , 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 Tx » 85 seen

of experimentation at

in Fig. 2. Feasibility srudies
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Figure 2 Luminasity and Bunch ©_paration

a Large Hadron Cellider suggest that it may be diffi-
cult to imagine working with = larger than 1, while
one can do experiments with Ty 2 25 ns. If these are

strict limits, then the luminosity of a collider in

a - -
the LEP tunnel is restricted to L €4 x \03‘ e s7h
However, if higher values of n are tolerable, one can

increase L ¢o 1,5 x 1033 w2 gt (corresponding to
n ~ 4 ) before hitting the beam-beam tune-shiftc limit
of 0.0025 reached at the SpPS collider. Such a
luminosity is 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 1s 1564, With Np =5 x 1013 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 (4Q € 0.0013). The lumino-
sities in pp machines are restricted by the number
of antiprotons available. Possible choices of T,

12 13 X
and n for NF = 10 and 10 are shown in Fig. 2:
luminosities in the range L = 1.5 x 103! o 57 ke

1.5 % 1032 cm-2 8”7 would be possible.

Option.
option are set out in the Table.

General parame:ers‘ of the LHC pp
There would be eight
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Tabfe: Genersl Parameters and Performsnce

General Paraneters

Collider Type in LEP Proton-Proton
Separation Between Orbits (mm) 165-180
Number of Bunches 3564

Bunch Spacing (ns) 25

Number of Crossing Points 8

Beta Value at Crossing Point (m) 1

Normalized Emittance lmvaz/ﬁ (um) 51

Full Bunch Length (m) 0.31

Full Crossing Angle (urad) 96

Lattice Period Length (m) 79 158
Lattice Phase Alvance w/3 w/2
Dipole Magnetic Field (T) 10 1
Operating Beam Energy (TeV) B.14 8.99
Performance

<p> at 0 = 100 (mb) 1 4
Luminosity tea? &7l ax10%? 1.5x10%2
Number of Particlea/Bunch 1.34)(1010 2.6x10'0
Circulating Curreat {(mA) 86 167
Beam-Beam Tune Shift 0.0013 0.0025
Beam Stored Energy (MJ) 63 121

BMS Beam Radius (ym) 12

Beam Life-Time (h) bl 42 21

* at interaction point for 8' = ]lm
#k particle loss due to beam-beam collisions

crossing points, though only aix of these might be
aveilable 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 straight 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 erergy 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 experimentslists would obviously prefer the
highest possible beam energy. The beam crussing
angle would be 96 urad ,

Lagnet System. Existing magnec technology, ss
developed by FNAL in particular and also BNL, DESY,
KEK and UNK, can reach B £ 6 or 7T . Getting to
10T 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 centies on a
tvo in one design with a2 common magnet yoke and
cryostat. For simplicity, economy and the highest
poseible bean energy one would like the dipcles to
be s long as posaible. However, the geometry of
the LEP access pits restrict one to dipoles of length
€ 12w . The area avsilable above the LEF mapnets is
about 0.8 m horizontally by 1.1 m wvertically.

A de:ai.gn1 for the magnet and its cryostat which fits

within this cross-section while having two aids by
side beam channels is shown in Fig. 3.

B0 K Shiny

N

Liquid He

Win Level
N )
+ y
i)
=X h,\‘m Supty
Manifold

et .—”

Figure 3

Pogsible Two-Channel Magnet Configuration

For reasons o{ space the vacuum chambers would be cold.
The inner diameter of the superconducting coils would
be 35 to 50 mm (the smaller the berter from the
peint of view of the msgnet 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 parametersl for different
period lengths are shown in Table 2.

10 T Magneta, To get B =~ 10 T in the magnet
aperture one nzeda B = 11 T 4in the conductor itself.
The paximum current required is jc = 1300 A/m2 ,

corresponding to <jc> = 300 A/mm2 after dilution by
copper, a filling factor and allowing for a 20% safety
factor. There are two candidate superconductors for

artaining such a performance: Nb3 $n 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
developdent, in the sense that the attainable jc
falls more slowly as B 1is increased. So far, for
reasons of time, LHC machine studiesl have only
included Nb3 Sn at 4,2°K : it is planned to compare
later with Nb3 T, + ‘1‘ﬂ at 1.8° K . Small quantiries
of Nb3 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 propercies of NbjSn cause engineering
problems for magnet fabrication. Therefore consider-
able reeearch and development work will be needed
before a 10 T magnet system csn become a reality.
As discussed earlier, there is time in the European
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10%

wich the present CERN ¥ source, but is expected to
be reached by the FNAL Tevatronm I and CERN ACOL
sources. As seen in Fig. 2, with N_ = 1012 ope can

31 -2 -1 P
attain LK 1.5%x 10" cm * & with 108 bunches

corresponding to Tx = 825 ns. A more sophisticated

source would probably be designed to reach

A=5x 101 /hour , permitting W= 107 ana

2.2 -1 P
LL1.5%x10"ca ‘8 . However, oue would either

require a cocplicated separation scheme to avoid
interactions at about 2000 unwanted crossing points
(each separator being about 40 m long) or have many
events per bunch crossing (unacceptable to the
experimentalista?) or some judicious combination of
these two extremes. These difficulties would aot
arise with a low luminosity pp machine, or one with
two bean chansela.

Conclusions on LHC Desiga, 1) One could build a

103 o2

-1

lumtnoeity

tunnel which would yield
magnets.
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Figure 4 Performances of Candidate Superconductors

schedule for such an R and D programme to be under~
caken, and several European laboratories are interest-
ed in participsting in it.

Other Subjects Studied. The purpose of this

gection is just to inform you that & serious study
has been made of most machine gystems: please see
the LMC machine study group rgpartl for details.
Practicable designs for quadrupoles and sextupoles
have been made. The scaling of the msgnete 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 gystem it is proposed
to use¢ a frequenecy of 400.8 MHz , juet twice the
SPS RF frequency, which gives flexibility in the
choice of bunch number. The SPS will be used to

inject bunches of 1011 particles at 450 GeV . Since

the SPS already provides up to 3 * 1013 protans per
pulse and has a repetition rate of 10s , it will

quickly provide the 5 % ‘013 protons needed for LHC
in the pp option. Since the ratio of LRC ta 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 km tranafer lines with large bending
radii for which conventionsl 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

12% slope to get down to the LEP/LHC tunnel, which
1s lower than the SPS tupnel, 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,

PE_Option. In this case the attainable lumi-
noaity is limited by the F accumulation rate A .
The rate required is 2 N_ divided by the luminosity

For T, = 20 hours
a 19 10
N_=10"° one needs A 25 x 10

about an arder of magnitude larger than that attained

decay time T, . and

per hour. This is

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

3) One would easily reach Vs = 10 to 13 TeV
with sfx 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 vecently projected cost of the SSC.
A simple-minded theorfst’'s way of underscanding this
ratic 1s as follaws. 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 %»3 guggest that the physics reach of
such hadron-hadron colliders grows roughly as

5111‘ for fixed L , it becomes relevant ta 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 tumnel 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
FRAL would not save such a large factor in coski.

A final comuent concerns a possible ep collidex.
Thia would be available for free in the LEP tunnel:
‘1}1 colliding LEP and the LHC one could get

5% 2 TeV for ep collisions. This pussibilicg
has been discussed enthusiastically by theorists,
but no detailed machine study has yet been undertsken.

Laysanne Workshop

estions. 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 7

b) Can you work with

¥s = 18 Tev , or would you be satisFied

i3 -2 -1

L =10 cm a s Or are you

32 -2 -1

limited to LS 107 em ~ s 7
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. ¢) Would you prefer‘ n~nl and 'l‘x n 25 ns , or vnu}d

you prefer n~ 6 and Ty % 150 ns ?

d) How intereating do you find pp at

Le102 el

The experimental physicists seeking answers to these
questions were divided into 8 workimg groups, whcse
gubjects 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 &
continuous theoretical discussion seasion held in
parallel to the experimental working groups.

Summary of Experimental Conclusions

Jets. A 1 TeV jet is expected to have a
guleiplicity ot 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
wust 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 muon momenta. Going from n = 1
event per croeeing 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 phvsics. The
vorking group felt that it could operate with bunch
geparations as low as 'I'x = 10 as .

Electrons and Photons. It was thought that
calorimetty was the only feasible technique, and that

a "traditional" resolution AE/E ~ 0.15/E1/2 would

be adequate. No obstacle was seen to working with
n>1l and T, = 25 ns, Most of the above remarks
apply to che detection of isolated e and vy . The
only concelvable 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 atrong need
for a magnetic field.

Muons., This group felt able to identify muons
with Pp larger chan a few GeV , and to measure the

sign up to momenta of 2 TeV . A preference was
expressed for n =1 , while Ty = 25 ns was found

acceptable.

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 1life-
time of only about 1 year if L~ 1033 cm‘z s-l

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

essential difficulties were forseen.

Based on these studies, a summary? of the big
answers to the big questions posed is as follows.

a) No dramatic threshold 18 expected, but everybody
prefers vg = 18 TeV .

b) It is possiblf to do experiments with

L1033 en2 g7,

¢) While much physics could be done with n> 1 ,
n ~ 1 is preferred for trackiug in particular, while
nobody objected strongly to TX ~ 25 ne .

d) No-one saw an overvhelming physice casz for pF

collisions &t L v 103 [~ Tt N

Summary of Theoretical Discussions, For reasons
of time, space and to avoid duplication, I will only

aumnarize here some studies which are of particular
interest to the focus of this Workshop, namely electro-
weak symmetry breaking, Higgses etc, This area wus
studied before, during and after the Lausanne megting
by Greciela Gelmini, Heniek Kowalski and myself.5 Qur
moat detailed investigatians were of Weinberg-Salam

el y Higgs prod ion, signatures and back-
grounds, and of supersymmetric particles, mainly
gluinos and squarks.

We foundS that the detection of H produced by
g8 or WH collisions was difficult for
me < w, $ 0(400) GeV because of the large WW pair

production background. One reection which seems to
give a more favourable signal-to-background ratio,
though‘.a smaller total croso-section, 1is

qf + W' + H + W production, where there is an
additional W in the final state to tag the avent.
Another possibly interesting reaction might be

gg or q7 -+ 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 about the derection of
Higgses with 100 GeV < oy <2 my s 1n which range

their dominant decay mode would be ¥t . The back-
grounds in gg - WW -~ H and gg or qq Tt + H
seem to be overwhelming, but the background from

47~ Tt + W to the reaction q +W"+H + W seems to
be no larger than the signsl, and might enable it to
be detected.

As concerns supersymmetry, in addition to computing

A L3
the total croas~sections for gg and qq production,
we also investigated their missing Py decay

signatutes using a4 Monte Carlo programme based on

“ . W A
g *qqy and q -+ q¢ or q¥ decay. We found that ¢
or a with masses up to 0{2) TeV could be detected

with missing Py of several hundred GeV and several
well-separated hadronic jets (four from "oy qqY .

six from 49 , § > q¥ , ¥ ~ qa¥ , two from AL »

¥ + q¥) each with Pr % 0(100) GeV . The azimuthal
angle of the misseing Py Vvector is not strongly
correlated with the observed fet azimuthal angles,
enabling heavy sparticles to be clearly separated from
semileptonic quark decay backgrounds which give a
charged lepton and missing neutrino Pr vector
stroagly correlated with one of the observed jets. We

concluded E or ’L‘]' should 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 supers: etry, see
the corresponding study group summaries® in these
Proceedings.
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A SADDLE--POINT SOLUTION IN THE WEINBERG-SALAM THEDRY*

F.R. Klinkhamer! and N.S. Manton
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106

Summar

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

Recently it was shown that the field configuration
space of the classical Weinberg-Salam t.henry1 without
fermions has noncon:rgctible loops passing through the
vacuum configuration.® This makes it likely that there
is a static classical solution of the field equatisas,
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 homotoplc 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 topoclogically nou-
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 sgddle-point
solution by analogy with werk of Taubes,” who has shown
rigorously that in a slighcly different context, namely
the zero-monopole sector of the SD(3) gauge theory with
an adjoint Higgs field and vanishing Higgs potential,
one can apply Morse theory arguments to relace topologi—
cal information about the space of field configurations
to the existence of statlonary pzin:s of the energy
functional. Forgdcs and Horvdth™ have reviewed a number
of other fleld theories in one, two, and three spatial
dimensions, where explicitly known saddle-point solu-
tions are related to the t.pology of the field configur-
ation space.

We have coined the word "sphaleron"5 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 mot 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) x U(1}, by expanding to lowest nontrivial order
in the weak mixing angle 8y. In the limit that 8
vanishes the U{1) field decouples and may consistently
be set to zorc in the field equations. There remains
an SU(2) theory with a doublet Higgs field. Dashen,
Hasslacher, and Neveu (DHN)® discovered some rime ago
a static 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 noncontractible loop in
the configuration space passing through the vacuum and
the DHN sphaleron, on which the sphaleron is the con-

figuration of maximal energy.

We have estimated numerically the energy of the
SU(2) sphaleron for the whele range of values of the
quartic Higgs coupling A (neither Dashen et al. nor
Boguta had done this). We find that the sphaleron
energy Eg increases from 7.6 TeV for A = O to 13.5 TeV
for A = » {see che Appendix for details).

When 8, # O the presence of the U(1) 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 8,. To first order, the SU(2) gauge
field and Higgs field remain unchanged, but they pro-
duce a U(1) current density which is axially symmecric
and which acts as a source for the U(1) gauge field.

By calculating the asymptotic form of this U(1) field,
we find that the sphaliron has a magnetic dipole moment
of strength ~ 0.3 GeV™'. This is about 80 times larger
chan the magnetic moment of the W-boson, which is e/H“P
The enetrgy of the sphaleron decreases by ~ 1% relacive
to the energy when By = [

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 vhe Weinberg-Salam :heo{x, 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 Dirac equation
in the 5U(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
Y, = (e, v,) and with an SU(2) singlet ef, and let
these leptons be massless (no Yukawa term in the Lagran-
gian). 1In the sphaleron background there is a normali-
zable zero energy solution to the classical Dirac equa-
tions: ¥; as given in Ref. 11 and ep = 0. Following
Jackiw and Rebbil? this then implies that the sphaleron
has lepton number 1/2, which agrees with the resulc
derived from the anomaly equation. A similar analysis
holds for the Weinberg-Salam theory with only quark
flelds, Thus in the full theory with one generation
of quarks and leptons the sphaleron also has baryon
number 1/2.

1t has been claimed by 't Wooft!® thac tunneling
between topologically distinct vacua is negligible in
the weak interactions_because the Euclidean action is
so large, namely > 87 /gz. But this argument only
applies to a virtual quantum process. If there were
sufficient real energy available, more than the spha-
leron energy ES, the tunneling process might be en-
hanced. There se2m to be two situations, at least,
where this could happen. The first is in high energy
collisjons 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 preocess via the
sphaleron at a substantial race. This could be impor-
tant in the Universe ac early times (t % 10‘]55,
dT ~ 10 TeV), where these processes could be related to
the baryon number as observed today, cf. Ref. 13. Bur,
before one can address thesc problems, a better under-
standing of the role of the sphaleron and other solu-
tions is required,

*,
This summary is based on a paper submitted for publicarion in Physical Review D (preprint NSF-1TP-84-57) and was

presented at this workshop by NSM.

tAddress after October 1: NSD-70A, Lawrence Berkeley Laboratory, 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
8y) and the magnetic dipole moment to order 8y. Let us
first establish our notation: v 1is the Higgs vacuum
expectation value; A is the quartic Higgs coupling; g
and g' are the SU(2) and U(1) gauge coupling conmstants,
respectively; the weak mixing angle 8y is related to the
electric charge e by e = g sin 8y = g' cos 8. To be
defirnite we take the following values: W-boson mass
M, = & gv = 80 GeV, e?/4n = 1/137, and sin?e, = 0.23.

The field configuration of the SU(2} sphalerom is
determined by two radial functions. The differential
equations for these functions, which follow from the
field equations, can be integrated numerically. 1In the
table below we give the resulting values for (i) the
energy in units 4mv/g = 5.0 TeV, and (ii) the magnetic
dipole moment in units of T" &' =2.99 e/M,. For com

g7V
parison we also give the variational estimates of these
quantities given in our original paper, to which we
refer for further details.

energy magnetic moment

xlgZ num, var, num, var.
Q 1.52 1.57 28 19.1
1 2.07 2.10 18 21.3
= 2.70 2.72 16 19.5

10.
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A top mass in the range 20-55 GeV imposes tight
bounds on the light Higgs masses in the minimal
SUSY-extended electroweak theory with soft SUSY-
breaking and radiative EW-breaking induced at the
same scale by an underlying N=1 SUGRA GUT. In
particular, the lighteat Higgs must weigh quite
a bit less than Mz/2, being therefore detectable
at SLC and LEP. This will be a test for such
cheories.

1, SuUsY 3-2-} Theory

Congjder the minimal (asoftly broken) SUSY
extensionl of the standard 3-2-1 theory retaining nnly2
the heaviest quark/lepton generation. It has a apec—
trum of seven left-chiral superfields. 1In a transpar-
ent 2(R3,Ry,¥;) notation, they are:

Q(3,2,1/3),73,1,+4/9,8%3,1,2/1,L0,2,-1),

2%, A1,2,1,8,0,2,-1).

Tha first five from the left are R-parity-odd matter
superfields while the remaining two are R-parity-esven
Higgs superfields. The most general R-parity invariant
and 3-2-1 symmetric superpotential is

Aacs anga 22Ca s
RN N N REY

Here A's are dimensiornless Yukawa coupling strengths
and Y is a dimensional coefficient. The subscript £ in
the LHS refers to our consideracion as yet of only
light superfields,

FPermanent zddress.

In this theory the Higgs potential, including the
most general soft SUSY-breaking terms characterized by
a nass-scale D(Hy), has the foliowing decomposition
into quartic and quadratic parts:

Vel df, (za)

Vi =172 8} (8 272 ay + B 22 w)?
w12 6 anzjug® - 12 |5 H2, (2)
VBl g ? e 2 1807 - (B ¢ hee) L (20

Here g, | are the SU(2), U(1) gauge coupling atrengths
and the'l‘iiggs doublets have been contracted by an ¢—
aatrix. The dimensional coefficients p 2,3 Are oM.
One can choose a phase convention such h-t w2 is

real and positive. Upon spontaneous EW brelkSo\m, only
the neutral Riggs components acquire VEUs

ap = (3 @ - (3) -

vhere (ignoring CP-violation in the fermionic sector)
hy,2 can be taken to be real. The physical weak vector
boson masses are then given by

(3)

.2 2 2 2 2
Ko " U2 (55, 8] + s +nd). @
Near the winimum, V¥ looks like
1 . 2, 2,02 _ 2,2
v "’1"’2) 1/8 (3l + gz)(h1 hz)
2 2
+ (hy h) wpoug Ry (8)
172
2 2
Hy My / \hy
Stability along the direction h1 =ty implies
2 2 2
uy £ 172 (up +p3)d. (6)

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

4

22
MUy < ug- (7)

The boundaries corresponding to (6) and (7) are given
in the figure on the abstract. The minimization of vH
(hy,h3) leads to two further relaticns [with cotB

= ha/hy)e

2
by 213 (8a)
77 = 8in2§ 75 1
hy*h Hy
172 172
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The physical Higgs spectrum has five perticles B
and Hy b c. Of the neutrale HJ ;, emerge from the
real parts of the neutral Riggs fields and act as
acalars with respect to fermionic interactions while
H involves sn imaginary part and acte as & paeudo-

scalar. The physical Higps masses, calculared from
{2), are
2_ 2, 2
LS S (9a)
2 2 2 2
Zm‘,b =+ H; 2{(mc4H§)
2 2 2
- lcmclécos 20}” > % 2!‘;, (9b)
mf-m:+léz)é. (9c)

Thus! the charged Higgses have to weigh more than the W
wvhile the two neutral scalars must be on either side of
the 2 in mass, Further, it follows that m, < m. < m,.
It is also useful to write a mass-relation linking m,
and m, but without involving m.:

a2ndL,

2 2 1
of = a-fnd) a - —4
cos“29

Stronger bounds cen be put on ¥, 4 if HE,Z are
known to have the same sign. {As discussed later, this
is what is forced by a light top in the SUGEA GUT-
driven radiative EW breakdown scenario.) In that case
one can take square roots of both sides of (7). Thus
defining § = hz/hi -1 =cotd - 1, i.e. cos?29
= (1 -¢1+ 8% 62/2)71)2, one can vewrite (6) and (7)
as

(10)

2
2 2 2 §
]uluzl iy = 1/2 (u] +Hp) (14 m)

(1)
#in2@
The quadratic inequality (11) on § implies
~a(l-a) cs5<l-a (12a)
@ = min. (12p)

n H2
Bl
1

Since o < a < 1, the lowest that the lower bound in
(12a) can go down to is -1/4 vhile the upper bound can
come up to, at most, 1. Thus, the two VEVs h1,2 now
have to be roughly of the same order of magnitude. One
can easily lower the upper bound on m, somevhat below
Mz (e.g. m, < My cos29 < 3/5 Mz), but far stronger
bounds are obtained below by restricting § more strin-
gently by use of the underlying SUGRA dynamics.

2. Minimal Low Energy Sugergruvit:)[:‘l and
Hediative' EV Breaking

We proceed in a8 framework in vhich the above
3~2-1 theory with a winimal softly broken supersym—
metric extension is in fact the low-energy remnant of a
deeper underlying theory: an N = 1 SUGRA coupled3 to 2
GUT. We agsume not any specific model for the GUT part
but only the unification scale Mgyp + 10°° GeV, the
unified fine structure constant agyr < 1/24 and the
absence of significant mnew thresholds below My ..

There are superheavy (vector and chiral) mpeﬂxelds

V9,28 a8 well as light ones VP,2L gnd these de- R
fine the observahle sector where gauge and Tukawa

forces operate. In contrast, there is a gauge singlet
hidden sector consigting of chiral superfields generi-
cally described by t® at a typical scale Mgygy v 1010
CeV. This sector has only supergravity interactions
though the latter cover all superfields snd spav all
scales. The situation is pictorially represented in ¢
the following figure.

Fepr = 10" Gav

5, obSERUEBLE
REETSSY

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

h
hid. (2 ). (13) {
Local SUSY is tsken to be spontaneously broken at Mgysy
#1010 Gey by & nonzero Xihler covariant derivative
VEV in the hidden sector. The embryotic goldsrino
gets eaten up by tue gravitino through the super-Higgs
mechanism, consequent to which the hidden sector super-
fields decouple from the rest of the theory leaving a
physical gravitino of mass » V173 ¢ F(zh)> » /BU/3 x
susy/Mpg- Here ¢ is the rationalized gravitational
constant agd F(z") is the auxiliary component of z';
<F(zh'> « M5psy and <P'> # Mpy. The gravitine mass,
characteristic of the acale of the residual soft SUSY-
breaking terms after the passage to lower erergies, is
.dentified with the weak scale and is taken to be

o(y) .

The term in the Lagrangian £ (N = ] SUGRA +
matter), that is most relevant to us, is the scalar
potential given by

£ =, Gh s

2, N _* -
v =Ktz {r (d ’)2 Y

-1

ab Dalpe (14)
Here d{z,z*)} is the Kihler potential which is a real
fuaction defined in a Riéhler manifold of chiral

scalar fields zN and their complex conjugstes EN. F

is the Réhler covariant derivative of the superpoten—
tial £, i.e. Fy = £y + gZde with fy = 3£/8zN,

dy = 3d/32%. Purther, (A1)} is the inverse of the
Rihler metric tensor dff = 32d/3zN3zf. Moreover,

fup is an analytic function of zN which transforms as a
symeetric product of two adjoint representations of the
GUT gauge group. (It occurs in the kinetic energy term
Pyp = £4bWaWh, U being the spinor superfield

for the gauge field strength). Finally, we have

D, = dy (gTily zM, where (gT), refere to a generator

of the gauge group multiplied by the corresponding
coupling. (In the k + O limit the RHS of (i4) goes
into the familiar fy(z) £48(z) + 172 p.p, form.) We
shall not assume any particularly simple structure for
d(z,z*) and £(z) since specific tree-level forms are
likely® to be destroyed by gravitational radiative
corrections.

-3 |g}) s 12 Re £

-50-



A\ The p-su.e7 to energy scales much bslow and
just below T can be achievad by expanding in e
of the gravitino mass divided by Mpgy and integrating
out the superheavy and hidden sector superfields. Ome
then recovers the light superpotential £, of (1) plus
the following soft SUSY-breaking terms:

- T (3) {2)
fsm 1/2 E H.A.x. Y (Afl +Bf, T+ h.c.)
- 2.
2 £ lzgl” - 12 B0, as)
In (15) £ and fin are those parts of £, which are
respectiv%ly cubic”and quadratic in the light sector

scalar fields. Further, 2/ is a mass of the order of
the gravitino mass, bein, -é-lad from it by & factor
exp(eled(z,2™) - i e ); thus equals the
gravitino mass exdctly when the :}!ﬂer wetric is flat.
A and B are complex coefficients’ of order unity which
are given by camplicated formulss involving the Kihler
potential, the hidden sector superpotential, their
derivatives etc. evaluated at the minimum of the
potentjal (e.g. in the case of a flat Kihler metric A
= 2m3y7 £ <zP> <P(z") > and B = 1). Pinally, M, —
the Majordna masaes of the gaugino fields Ay -- are
the eigenvalues of the matrix % <dRefgy/3zt><P(zN)>.
It is reasonable to assume the equality of the 3,2,1
gaugino masses &t cae GUT scale H; > 3 = M. This
follows if we seriously gake the unitary symsetry of
transformationsYs>/ z + Uz among chiral superfields
which supergravity interactions (ignoring gsuge and
Yukaws forcea) respect. Then fgp, must have

the form (1+Y) 84 with Y being a umitary singlet
function of zN such as Ei dpyg zLlztN. “Allowing for
the spontaneous breakdowh of this wmitery symmetry in
the hidden sector, we then have My 7 3 = ; <3Re¥/dzh>
<F(z").. If Y is of the order of (:H/le 3, then ¥ =
O(ma/z) .

We now have the Higga potential of (2) but with
81,2 and yy 3 3 evaluated at Mgyp. While evolving
downwards in mass-scale, &; = (gi/lm)z and pi? become
functions of t = In 7/Q° vhere Q is the runnng scale
8o that the evolution from Mgyr to My ia really from t
=0 to t =67. Thus

WI00) = 13¢0) = wf ) ¢ P, (16a)

Wl = - 2uBmy ,,, (16b)

8,(0) = &,(0) = & (0) = 1/24 , (16¢)

wvhere (l6a,b) follow from (1) and (15). Similarly, the
full scalar potential for the aquark {Q)-slepton (t)
sector may be obtained from (1) and (15) with quadra-
tic, cubic and quartic parta in these fields. For us
it auffices to display only the firat two parts:

o800 2 7 o 22 g2
vy 97wl [£917 + o €92,
ALTERER RPN 8
+ 2 f¥G)

+ h.c.

v BECHD ¢y B

(an

In (17), of, A, and A, (= im /¥]) are fumctioms of t
and the latter two can bs chosen to be resl and posi-
tive by appropriatuly redefining phases amd ignoring
cr-violation. Farther, (15) yislds the boundary
conditions

-q(o) = (0) = =y (0) = m,{0) = Ry
Lr(o) - AB(O) - AL(O) = A,

Tt has been shows® that A wust be in the Tange 0 < A <
3 for the charge and color invariance of the vacuum to
be preserved, i.e. for A outside this range some squerk
or charged scalar develops a nonzera VEY,

as)

The xelevant 3-2-1 venormalirable group (RG)
equations? are coupled ponlinear matrix differential
equations that are not gnalytically integrable in the
most general case. The syatem can be solved numeri-
cally but then much of the physica underlying the final
result becomes obscure. It is therefore attractive to
make the following reascnable spproximations that make
these aquations snalytically tractable. 1) With b1,z
comparsble in msgnitude, all Y's scale according to the
fermion (mase)Z g0 thet only Yy can be retained in the
BG equs. 2) We can drop p from the equations although
keeping p3. Arguments have been giv:n" about the
expected smallness of p because of radiastive origin
vhile B could be quite large. Our conclusions should
be insensitive to the value of i unleso it is large;
but a large p is unacceptable lim:s_ that viJ.l impede
5U(2)xU(1) braking. 3) The terms A;Mf and 3;¥
are neglected in comparison with O3¥3. If the tree-
level gaugino masses are l}l equal at Mgyp, then —-
since they scale like the a's -~ for any significant
value of t, the third term will totally dominate? over
the first two. These approxistions easble us to write
the following «naiytic relations (N.B. now we have in-
cluded three generations of quarks and leptons):

o+
a.(t) H.(:) - -1
g—-(; - W o {1+ G.(O)b.t] ’
a

b= b, m 1 b -3, (13)
2,00 0 205002 o2
ul(:) "'1(0) 9372 uz(D), (19b)
3/2 1/22
2 2 3 11t
uj(t) = HJ(D) 1+ m) 1+ Tﬁﬁ)
(1 + sxCer1 () 4, (15¢)
(1947

1(6) = TR + 6FCe)Y,(0)) T

Here E(E) = (1+t/32m)16/9 (1-1/96m)=3 (1+ilr/i60m)13/99
and Flr) = [ dt* E(t') _so that E(67) = l4.5 and F(67)
= 290. However, the uE equation camnot be integrated
and ui(t) extracted unless M3 is put equal to sgero.

We can nonetheleas exploit the siga of che gluino mass
term and derive even for a nonnegligible gluino masa
the inequality

2 2 - 2 (-
ugled < ‘“z“”na-o 312 o (-1

+{Le6ReIY,(0) 2 {1467(E)T (03 (1-1/34T))). (200
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3. Bounds

(19) and (20) clairfy the consection betwean the
strength of the top Yukewsa coupling Yp(d) —- related
via (15d) o Yp(67) and the top mass n, = 4why
~- and the existence of tighter bounds oa the Higgs
masses. Since E(t) and F(t) are monotonically
incressing functions of t, a largs Y7(0) makes 1}
decresse significantly as t goes from zero to 67 and
makes J(67) end up being negative. 1In this situs-
tion the sheded region of the figure in the sbstruct
shrinks to virtuslly nothing end, with the stability
line having shifted towarde the origin, the cross ends
up being to the left of the axis. The square root
of (7) cannot be taken in this case so thet there is no
upper bound on my tighter than M,. 1In practice, this
occurs for mp somewhat larger thn 60 GeV. However,
for & lover value of my —~ as suggested by the current
UAl experiment — 4 totally different situetion ob~
tains. Now does not change much with t, the
numerator and depominacar in (19¢) nesrly balancing
each other. yf decreases ss t goes from zero to 67
but not a lot; it is berely sble to carry itself across
the hyperbola inte the shaded region — the thin end of
the wedge!

Part of (4) can be rewritten as 1 = 8 ¢y (v/D"1
£(8) h3 with p(8) = (1 + 6)(1 + & + 82/2)~) and by cen
be eliminsted by introducing ¥r(0) and mp. We then
have

1740%,0) (2.3010% (148 P (1052 /2) ™

2
M oron’mr) -1) = 1. (21)

Now (11), (19b), (20) ant (21) tagether imply

& nen

145 (1-n(8&, )2 (222)

18,80 = (372 {1+(1-02/3)0(&)}

(Lept® )2 - 1720172, (22b)

Bgs. (22) impose a kind of bootatrsp condition on § as
follows, TFor eny & in the range 0 < A <3, there
exists o= upper bound §,,.{A) on § such that, if § ex-
ceeds &,,,(A), the inequality (22a) gets violated.

Thia Smax (A) is s monoronicelly increasing function of
A 8o that (3) i»s an absolute upper bound on § -~
leading via {i0} to the upper bound

m < (1-f1e5,, ) + 12 2 N @

The values of 8pax(A) and correspondingly of
(mb/Hz) heve been displayed agcinet various values
of’A In"ffe renge 0-3 in the following tsble for a
characteristic of 40 GeV. The lower entry in the
right most column varies from 0.09 to 0.4l as my goes
from . GeV to 55 GeV. Thus, takiag =y < 55 GeV, we
fino that m, < 38.3 GeV which is quite a bit

lese than 1/2 My. The vemarksble thing about this re- *
sult .i:‘tlllt it i indspevdent of the precise valyes of
=372 A. There are stditional resulrs depending on
thzir values, 2.8. ‘zii + és-ﬂ <208y, + )Pé y

and wfsy < < /2« The lowsr bound on & can be
moved up above My in an m35-d dent buc A%indep

dent vy wvhile some tagions in the »Z, 2 plot can

be excluded in an w3 y-ind 4 but A-~d d
The details are to be found in Ref. 5.
mass < 38.3 GeV should certainly be digcoverable in the
Bjorken proceas Z + Hiy end also probably in the
Wilezek process toponium + By both at SLC and LEP. A
definite negetive result on its existence would rule
out this entire clas of theories.
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Summary

We have atudied the prospects for producing and

detecring 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-backwvard asywme-
tries of decay leptoms, 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 /5= 42 TeV,_pp collider with an integral lu-
minpo3ity L of 10 it should be possible to detect
a right-handed charged Wp by its leptonic decaye if
HWR $ 8 TeV. We assume that detection of a W' 1s

possible if there are at 1east+10 events each of
pp > Wyt +e*N and pp + Wyt~ uN.

(v) Under similar assumptions the Zx (the additional
neu:ral beson in 5010) can be detected by ita ete™ or
Tt decays if M <6 Tev.

{¢) For the pu:gasea considered here a pp collider
with L = 10 is slightly better than a pp collider
with the same energy and L = 1039 2

(d) For a boson mass My < 1 TeV a useful diagnostic
signature for both pp and pp collisions is che forward-
backward asymmetry of the emitted leptons

do dg dg
A =|{L o / do
() [_(dy) 2450 d")z‘«l ay )

where z* 1s the cosine of the lepton angle with respect
to the beam direction in the gauge boson rest frame and
y is che gauge boson rapidity.

(e) For Mg < 1-5 TeV global asymmetry variables are
useful. For pp a promising variable is <E,_ >/<EE+>
where <EE > are the average lepton energies in

e
W 25 Xorz =% *p-

(f) The secondary decays N~ e + X, \(hfre N {(the SU2
partmer of eR ") 1s produced in W *aet N’ or Z *NN
may occur essem:ially instantaneously, &2 finitle dis-
tance from the production vertex, or even outside the
detector (depending on the model). Observation of such
decays could be very useful both for reconstructing the
Wg and for determining the nature (eg. Majorana or
Dirac) of the N (see ref. 1).

(g) Llepton sign identification is extremely important.

Iypical Rosons

An im-por:am: candidate for an additional charged
boson is the H of SUy; x SUpg x Uy models which cou-
ples to the rigl -handek doublets (u d)g and (N e ).
The new neutrino N, may be Dirac or Majoranma, bul: ve
usually assume that it is lighter than the Wp. We as-
sume gg = g; where g and Y arezthe sV, L and SU-‘,R
gauge couplings (for example. gg-<1.1 5% 2 for
Myp <1 Tev 4f SUpy % SUpp x Uy 1s embedded in 50,4

although that rodel gives an unacceptable value for

28“). We allow My to be arbitrary, although plausi-

ble argu.ments" based on the Kj-Kg mass differemce
etrongly suggest "H > (1-2) TeV (or > 5 TeV 1f QCD cor-

rections are included).?

An impauan: poaaible neutral boson is the Z

which occurs i + 5Us x U or under more general
cirnumstances- e normlize X charge is
1
Xm— Brg+say,-o], (2
so that ZX couples with strength
3 ri "
- g to d ,e., Vv {5"of SU,}
2/15 X L'"L’ "eL 5
Lo to d.u,u,e (10 of SU) )
D » » »
o X ) AR A e A 5
=3 By o ﬁL (L of 885y .
2/10

We see that the zx 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

' 3 .
E g =[5 & tan 6", which will occur if U x and

split off from an underlying grand unified group at
tﬁe same scale.

Sx

Another interesting neutral bosom 15 the Zy, which
occurs in E6 he 5010 x U I The couplings of Z'V to all

of the ordinary fermions L( u,u,d, d,. .VE,Ne)
higher families, which occur in the 16 of SO 0] are the
same (gy/¥24), with larger couplings to exot ¢ heavy
Fzrutons (which occur in the 10 and 1 of 5010). Hence,
the couplings to ordinary fermions are purely axial.

We assume SW = SX =Eg'.

+ +
We neglect any mixing berween the Hi and Hi or
between the Z, or and the 2, It can be shown? under
quite general’condifions that such mixings are negli-
gible for heavy (¥ 2 1 TeV) bosons because of the suc-
cess of the SU2 x Uy predictions for HH and My.

Other neutral bosons are discusssed in ref. 1.
Production
We assume the Drell-Yan cross section

do 4m A B

_——- z

3y 3H3 *1%,y 5y fi (xl) fj ()(2)1"ij (&)
for the production of a heavy gauge boson of mass M and
rapidicy y in an AB colliaion at energy JS. Here

x = % oty *, =/-_— e, £ A(x 1) 1s the discribu-
tion function for quark or antiquark i in hadron A, and
rij is the partial width of the boson into qiq.1 or qiqj'
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’
We use_the Q2 depandent seructure functions of Eichten,
et al,b based on CDHS data and numerically axtrapolated
to large Q2 using the Altarelli-Parisi equations with
A = 0.29 GeV.

Total production cross sections and rapidity dis-
tributions for various bosons as a function of M and v&
are given in ref. 1 and 6, Here we limit gurselvgs to
Table 1, in which 18 shown the maximum mass of lll N ll",
and Z,, attainable at specific cross section levels, For
example, for Mgt = 8.6 TeV and va = 40 TeV, cne has
86 = 103%n? for pp (B is the branching ratio into
etve). Hence, ome expects 10 events each of Wgt+e¥v,
and Wty 1f L = 1040cp=2,

/8 PP PP
(TeV) Bo = 10 90? 10738cn? 1078?1073 en?
u.t 10 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
HR- 10 2.7 2.0 same
20 4.5 3.1 as
+
40 7.3 4.8 HR
ZX 10 2.2 1.5 1.9 1.1
20 3.5 2.3 2.8 1.5
40 5.6 1.3 3.8 2.0

Table 3. Maximum Wy® and zy masses in TeV/cCattatn-
able at specific cross =ection 1e\+r 1s. B is the lep-
tonic branching ratio into Wet=e* %) tor ui(ﬁj)

e »

or Zy * ete” (or u+u').

Signatures

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

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

*of the W boson).

In the “15 center of _mass, the differentisl
cross section for LICH - Eilj is proportional to

*
(qule + qunlz) a+zh

2, 2 2,2 w 2
+“qu”"qu’ (1-z) )

where L and R are the couplings of M to the left and

right~handed quarks, respectively, and similarly for
Ly and Ry. Clearly, a measurement of the forward-back-

ward asymmetry can yield useful information concerning

the quark and lepton couplinge. In practice, ome must
multiply this expressica by the appropriste parton dis-—
tributions and sum over parten typas. For pp~+ HE + X,
vith o) o+ e v(®), for sxample, one has ’

>

-3 Bex,)Ulx,) = U(xy)Dlxy)
7 7T S iy + vengBixy ®

{note that V + A lead to the same uy-etsy) . Although
this vanishes at y = 0 (for pp). App * - & for large ¥.
This is because % >» x, for large ¥, 6o that the scat-
tering 18 mainly from a valence quack (sea antiquark)
in the first {second) proton.

is shown for the ordinmary Z and the zx in
Figures (1) and (2), respectively, for both pp and p;1
(The asymmetries vanish for Z, which has purely axial
couplings). Hotice 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 V&
(for which sea - sea collisions are more important).
In particular, fhe 29 asymmetries are positive for
y > 0 but very small (becayse the eleectron coupling be-
comes purely axial for sin“fy = k), while the zZ, asyn-
metries are negative and larger.

Clearly, A, (y) would be a good diagnostic tool
1if adequage sta&stics are available to determine it.
G. Gollin' has estimated that the Z, asymmetries could
be reliably determined at a 40 TeV Collider if

M, <1 TeV.

Zx

For larger masses, one must TeEOTt to Some SoTrt

of y average to get enough events. For pp a useful
variable would be the overall forward-backward asymme-

try
te ) o ("d—g)z%o B (g—;)z*w]/a 1$0)

i
[}
40,7107 27 ,0.54
APy
—O.l—' ’ / (] pp —
S o 1
b’ N ” N/
1 L I L1
-6 -4 -2 0 2 4
yz"
Figure 1. A of & vs. y,, in pp (dashed line) and

Pp (solid lines) +2° + 72", Curves are labeled by
total c.m. energy in TeV.
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’f\\il..\ le“ITeV/éz)
o2k K Lerw -
140 |\ \lotpe)

OIH 1\ ]
r,, o\
} \

- 2
Figure 2. hgp of L™ vs, ¥y for Hz = 1 TeV/c, va.
Yz - (Other labels as in Figure 1),
X
For pp useful variables would be the average lepton
energies <E _>and <E1+>. For 2' + 212~ any difference
L

is due entirely to the FB asymmetries. For a compari-
son of HR+ + 2 ys. HR' + 27, part of the differemce is

due to different y distributions for W *, but most of
it is from the asymmetries. Predicted average energies
for wR’ and Z, decays are shown in Figure 3. We have
estimaced tha% adequate atatistics should be available
to derive useful information from the global variables
if the boson masses do not exceed (1-5) TeV,

6 T ! l
—~ | /5 =40Tev
= -
= 4t (o)
A\. -(-(pp).'....
W 2 ppl=T -
0 f(pp)l.f l
0 2 4 26 8
My { TeV/c%)

(E)(TeV)

ol

N

—
1

OO

Figure 3b. Comparison of average lepgon epergies
at /& = 40 TeV in pp collisions (solid lines) and pp
collisions (2%: dashed Iines; 27; dotted lines) for
a) Wp decay, b) Z'X decay.
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¢ COMPOSITE BIGGS BDSONS
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Cambridge, MA 02138

I discuss the possibility tha® the Higgs boson msy
exist but he a bound state, This posaibility is in-
termediate between technicolor models and models with
a fundawental Higgs and it leads to a vich snd in-
teresting phenomenclogy at S5C energies.

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

Part of the problem that T have in expl:ining the
composite Higgs (CH} idea is that Peter Higgs' name
has come to be associated with two completely differ-
ent things: che Higgs mechaniem; aud the Higgs boson.
The Higgs mechanism is the process in which a sponta-
neously broken gauge symmetry trades Goldstone bosons
for gauge boson masses. This process is common to the
simplest SU(2) xU(1) mcdel and the most complicated
technicolor models. 1t involves the Goldstone bosona
and the gauge bosona and their interactjons 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 mechaniam. The
Higgs boson in the 5U(2) xU(1) model, on the other
hand, is a remnant of the symmetry breaking mechanism.
It 1s there precigely when the SU(2) xU(1l) symmetry is
broken by the vacuum expectation value (VEV) of an
SU{2) doublet scalar field, the Higgs doublet. The
Higgs boson ig the non-Goldstone part of the Higgs
doublet.

Unitarity requirtes that some remnants of the
spontaneous symmetry breaking mechanism appear at
energies of a few TeV or less. But it does not tell
us exdctly where they will appear, or exactly what the
remnants are. When the symmetry breaking mechanism

involves orher scalar multiplets than the doublet,

the remnancs of the symmetry breaking are more compli-~
cated than the gingle Higgs btoson and should not be
called by the same name (although they usually are!)
¥hen the symmetry breaking mechanism is dynamical, in
a technicolor model, the remnants are not boscas at
all, but instead are the techniquarks, with dynamical
maspes which violate the symmetry. If the techaicclor
is confining, these are bound into technihadrons, some
of which may be scalars, but none of them ia the Higgs
boson. There is absclutely no sense in which any of
them were ever part of an SU(2) xU(1l) doublet with the
Goldstone bosons. Indeed, there is no readon that I
know of why there must be any massive scalar bound
states 8t all. One can imagine, for example, a non-
confining technicolor interaction which breaks the
chiral symmetry and binds the Goldstone bosuns but
does not produce any other bound states

I hope that I have convinced you that the Higgs
boson 1s an object with very definite properties and
that it may or may not exist, depending on the gtruc-
ture of the SU(2) xU{1) symmetry bresking interactions.
If go, we can proceed to discuss what I call the com-
posite Higge 1des. What would it mean for the Higgs
boson co 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
1ike part of an SU(2) xU(1l) 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 ugpual 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 particleg, with th2 usual properties
expectad of a bound state, such as form facrtor effects
and other nonrenormalizable interactions, scrong
interactions, etc.

0Of course, if the Higgs boson 1s composite and it
is in an SU(2) xU(1) mulciplet with the Goldstone
bosons, then the Goldstone bosons muat be composite as
well, Thus the heavy gauge bosons will exhibit atrong
interaction properties (at least for their lpngitudinal
parts) at the same eaergy scale, A. Let us call the
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putstive strong inmtersctios which binds the Higgs and
the Goldstone bosons ULTRACOLOR, to distinguish it
from technicolor. This scenario is intermediate, in &
gense, between the fundamental Higge model and techni-
color. The ultracolor dynsmica does not directly
break SU(2) x0(1), but it does bind the Higgs doublet
wvhoge VEV breaka the symmetry at a smaller scile.

Thus this mechanism should perhaps be investigated
gimply because it represents another possibility. We
might also expect that if rhe confinement scale im
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 interactioms to
produce bound states with mass of order A, while our
Higgs 15 by assumption much lighter. To go further, we
must explain why the NHiggs mass ny is much smaller than
A. We know of two principles which can keep mpinless
bosons light: supersymmetry and the Goldstone mecha-
nism. 1 am alergic to supersymmetry, so I will digcuss
only the Goldstone mechanism.

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 intersctions, a
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 interactiona could then,
perhaps, generate the SU(2) xU(l) breaking VEV for the
composite Higgs field. Specifically, I will assume
that ultracolor 1is an unbroken gauge dynamics, like
QCD, that the parricles which feel the ultracolor
interaction are fermions, and that the spontaneously
broken global gymmetries are chiral. We kmow from our
experience with QCD that composite pseudo~Goldstone
bogons can actually be produced in this situation. The
weaker interactions can be of three kinds: ultra-
fermion maames: nonrencrmalizable interactions result-

ing from unspecified physice above the scale A which 1

will call exrended ulrracolor (EUC); and gauge interad-
tions such as SU(2) xU(1).

The first prerequisite for a compesite Higgs model
is thus an ultracolor dynamics which need not break
SU(2) xU(1) buc which can produce pseudo-Goldstone
bosons which transform like an SU(2) xU(l) doublet. A
simple example of such a model is baged on an analogy
with QCD.
fermions which transform under a complex represeatation

Suppose that there are three Dirac ulrra-

of the uitracolor gauge group. These 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 SU(2) in our ultracolor model just like isospin in
QCD, and weak U(1) like hypercharge (appropriately
normalized), the analog of the K meson will be a good

candidate fox the Higgs doublet. 1In this model,
therefore, our three Dirac ultrafermjons transform ag
a doublet plus a einglet under SU(2) xU(l).

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

su(N)uc x SU(2) % U(l) % U1, as:

RIS ;(R’Z)-a.l—c
q =

q = W

R
1)y 24a ( RV

Foxr the time being we will not pauge the U(l)A. This
theory possesses an approximate SU(3) x SU(3) symmetry
which is sponcanecusly broken to SU(3) by the ultra-
fermion condensate at the scale A. Note that the
u(l)A breaks at this scale.

The pseudo-Goldstone bosons (PGB's) that appear
are an SU(2) criplet, a complex SU(2) doublet, and an
SU(2) simglet—-the ultrapions, -kaons, and -eta
respec’ ively. {When extra particles are added to
render the U(l)A anomaly free and it is gauged, then
the ultraeta will be eaten.) Note thar the ultrakaons
have the right guantum numbers to be the Higgs doublet.
In the composite Higgs scenario the ultrafermion con-
densate 1s misaligned slightly with the SU(2) xUu(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 =
exp[ZiﬂB(x)TB/f], where the 1° are the PGB fields and
the T are the 5U(3) generators. The parameter f is
analogoua to fﬂ = 93 MeV in QCD, but here 1s of order
A. The VEV of I 1s then the orientatien of the con-

densate, in the basis we have chosen. In particular
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.
<> = I i8 SU(Z) xU(1) premerving.
The ali 3 to minimizing V(I).
Since we do not have bare ultrafermion masses, V(L)

problea r

will not contain any pieces transforming under the
global SU(3) x SU(3) symmetry like (3.5).“ The lesding
contribution to V(I) in coupling constants squared and
powers of I\Z/A;':_“C will tranaform under SI'(3) xSU(3) as
an (8,8), Thus the most general form for V(I) con-

sistent with SU(2) xU(1) is, to leading order:

7

V(o) mey £ TeITE Ty He kzu LT RN

. 3 . (2)

+e £ [ rerr I'T,

a=1
N and cq get .cnntributicns of '0(32) from SU(2) xu(l)
interactions, while €y mustzhezdue to nonrenormalizable
interactions and be of &(A MEUC)' The ¢, term is the
sole plece in V{I) to give the ultraeta a mass, and
must vanish if u(l)A is a good symmetry.

The Yukawa couplings which give rise to quark and
lepton masses must be generated by the EUC interac-
tions and are ﬁ(l\llfx;'uc). The fact that the quarks
and leptons we know are much lighter than the W sug-
:.UC Thus it is arguable that c)
and c, are primarily due to SU(2) xU(1l) interactions,

in which case they can be calculated in terms of the

gests that /\Z//\ << g,

1v+-wro mass difference In QCD due to electromagnetic
interactions, and that c, is much smaller or zero, To
see what this means for the self interactioen of the

o

K"~-1.e., the Higgs boson--we write
|f [ 0 1 0 0

21

T 0 1] KD/Z = |0 c is

L = exp

o %2 o) lo 1 <]

(3)
where ¢ = cos KD/f, 8 = sin Ko/f. Then the terms in
V(L) of Eq. (2) dbecome
3 fo_1 2
J TrETI'T == ccst K JE + cos K JE ()

a a4 (9] 0
a=1
I + 2
J TrITI'T = cos® K /f + cos K /f
o« a 2] 0
a=4
1 3 2
Tr L = .
x TSZ Tg = 5 cos Kolf
We gee that SU(2) xU(l) gauge interactions cannot
account for the whole Higgs potential-~for € and €y
will have the same sign (negative {5]) and c, will be
negligible. V(Z) 1s then minimized by the 5U(2) xU(1)
preserving vacuum with cos Kolf =1,
Thup we follow the route taken in ref, [3) and

gauge the ua)A, after cancelling its anomalies with
spectators. When we do this, €, i3 forced to be
strictly zero, and the ultra eta is eaten by the
ul) N gauge hoson at the AU ¢ scale, More importantly,
the ll(].)A interactions give a poaitive contribution to
€ps and can cause the vacuum to misalign. It is now
sinple to write down the Higgs potential

3 f“

0. 3
VD = - T

(cos Kolt‘-coa \v/f]2 (5)

(where v = M, 2einB/e = 250 GeV) where we used the
fact that the linear coa K. /f term comes solely from
the c, plece of V(I), as meen in (4). We may now
compute the Higgs mass:
Inin --(c3f2 sinzvlf)lcus v/E -—c3v2[1 +1I6(v/f)2-...).
(6)
to the Tr+-ﬂu mass splicting,
This

We can relace €y
which is primarily due to onme photon exchange.
process is accounted for in the QCD chiral Lagrangian
by the term

2

L= ...+1§Amf 1z qrtq &)

2
ud
2 + 0

where Am~ is the observed 7 -7 mass difference to
within about 5% (ﬂo-n tixing and long distance effects
are primarily responsible for this discrepancy.) Com-

paring this expression with Eq. (2) we may determine

2
Am 3
c3 = - 2 32 [i] (R)
2sin efﬂ

f2

cq to be

where the factor (3/N) comes from large N arguments
Using this result in Ey. (6) then glves us an expres-

slon for tue Higgs mass:

2 2 4
2, (%m0 2 e 2 >
my == M) = (L7 3R, -3 )
2maf

A crucial ingredient which went into the above
calculacion was the gauging of U(l)A. In order for
this to work, ordinary leptons and quarks must carry
U(l)A charges which allow them to couple to the ultra-
kaon doublet.

needed to cancel the U(l)A anocmalies must be real

Furthermore, any additional spectators

under SU(2) xU(1l) and have U(l)A charges which allow
them to couple to the large SU(Z) xU(1) preserving
condensate, so that they acquire heavy masses, of
order AJ/Agu". (If the anomalies were cancellad by
particles wh;ch transform under SU(N)UC, this would
introduce an additional lobal U{l) and a corre-
sponding light SU(2) xU(l) singlet PGB). These addi-
tional fermions and the new U(])A interactions of
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ordinary matter may be of experimental interest,

depending on the model depeadent ratios H“/A and

AMEUC'
' ‘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 less attractive for two
reasons. The first is theoretical. The parameters
of the GS hreaking interactions must be tuned to an
accurucy of —VZIA . If A
1s too large, the differences between CH and FH mod-
els become very difficult to see at accessible
Thus the mast attractive version of a CH

The second is practical.

energlee.
model is one in which A is not much larger than v.
We wsnt to raise A as little as possible, consistent
with FCNC comstraints. If the EUC interactions are
well chosen (as in the ETC models of ref. [7]),
thege constraints may not be very severe.

There 1is, however, another strong constraint on A
in CH models like the model of references [3,6). The
trouble with this model is thar it does not have a
cuscodial SU(Z)C symmetry. A custodiel SU(Z)C symmetry
1s an approximate global symmetry (broken by the U(1)
gauge interactions) which enforces the relation
Mi = Hi cos?s.

It 1s the existence of such a symmetry which ensures,
in apyropriately constructed IC models, that the SU(2)x

(10}

U{1) breaking has the right form to agree with experi-
ment.,

A TC model without an SU(ZA
for although ue'do not know how to

symmetry is presum-
ably just wrong,
calculate the corrections to (10) in such theories,
there 16 no reason to believe chat they will be small.
But in CH theories, the SU(Z)C symmetry is not obvi-
ously necessary, When A >> v, the theory is essen-
tially a theory with an almost funcamental Higgs dou-

blet, so (10) will be very nearly satisfied. But when

A gets close to v, the compositeness effeccs will get
more important and we may expect significant correc-
tions to (10).

In the SU(N)uC
perturbation theory, the gauge bosor masses come from

model, in lowest order in chiral
the kinetic cerm

u(n”:puz*) an

where D" is the SU(2) xU(1) xU(])A gauge covar.iant
derivative,
. e
DI = MI g, [T I azn

+1/ (rX“.zlugr(TrH)

where ;H(T) b (T 1/3) and ¥ (TL and R) are the 5U(2),

u(1), and U(l)A gauge bosons (generatora).
From (3), (11), and (12) we can read off the
lowest order contributions tg the weak geuge boson

I!Anses:9
222
nz cosze = ng '
ZfZ s (13)
H“ Z [s +(1—c)]

{We have ignored z-Y mixing—-it will be absent if the
10

--T .

Hw us clearly a cnrree:ion to (10).

coupling is pure axial, T The second term in
1t behaves like a
VEV of a real SU(2) triplet Higgs multiplec, although
here it arises from the nonrenormalizable terms in (4)
required by the chiral symmetry. Thete will also be
contributions from nonleading terms in chiral perturba-
tion theory, but we expect these to be suppressed
compared to (13),

{10) with

Thus for small s, we can replace

"5 = Hé cos?o (1v2/ag?). 14)
If we require that the p parameter in neutrino interac-
tion be 1 *.01, we must have
£ > 5v. (15)

1t is not obvious that the comstraint (15) is
serious {since FCNC's must be suppressed anyway) but
it is at least interesting to ask whether there are
symmetry,

and in which, therefore, the corrections to (10) are

composite Higgs models which have an SU(Z)C
small. 1n 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
mogt economical model, the GS is SU(4) which is
spontaneously broken down to Sp{s4), leaving 5 PCB's,
the 4 real components of the CH and & neutral singler.
Here there 1is an approximate global SIJ(Z)c symmerry
under which the two 5U(2) singlet fields have a dou-
blec.
2,2).
SU(Z)C
SU(Z)G generators,

The Higgs transforms under SB(2) xSU(Z)G as a
The Higgs VEV breaks the symmetry down to the
generated by the diagonal sum of weak SU(2) and

Thus (1) is satisfied in lowest

in chiral perturbation theory, and corrections

are of order o,

Unfirtunately, in this model, the mechanism of
refs. [3,6) for stabilizing the SU(2) invariant vacuun
with the SU(2) gauge interactioms does not work. An
uitrafeymion 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. [3,3] ewd the Sp(2.;

model of ref. [2] are the simplest CH models in which
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a
s

, the ultrafermion transform according to complex and
1 repr ively, The other
simple possibility is to try a real representation.

d

ations resp

Usz o
I =Us4 = »
0 1

ta an SU(2) invariant vacuum.

1)

b E=1 correspond

If the ultraquarks are real under UC, the GS br g

condensate is symmetric in flavor. This impiies thet

there muet be two SU(2) doublet pairs of ultrafermions
in order to allow an SU(2} preserving caudensate. To

produce a composite Higgs, we need a singlet as well.

Thus the simplest such model, there are five ultra-

For simplicity

fermions, two doublets and cone asinglet. 3

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,
Wy
1
¥ou (v (16)
8

where Y, are the SU(Z)L doublers. The GAS ip SU(S)

which 1s spontaneously broken down to an SO(5), pro-
ducing 14 PGBs.
generators in a hybrid rotarion in which matrices

It is convenient to describe the GS

which act on only the first faur components of ¥ are
written as tensor products of two sets af Pauli
matrices, 3, which acts on the ¥'s and 'E which acts
on the subscripts. Thus the SU(2) generators are

T ~ 3/2 and the U(1) weak generator can be taken to be
§= -13/2. The G5 which leadu_::o :2; custodial
SU(Z)c is SU(Z)G generated by TG ==1/2, 1If the
U(1), s chosen to commute with SU(Z)G, it 1is

it 1
TA = =
2/5 |0 -4

a7
where I atands for the 4x4 unit matrix. Note thst

2
tr '1‘A 1.

Under SU(2} xSU(2), the g field 1s a singlet and
the y's transform as a (2,2). Indeed the Y's can be
combined ince a 2x2 matrix field

LU O]

which behaves like a o-model multiplet.

(18)

Under an
SU(2) transformation V“ and an SU(Z)G transformation
VG’
+

Y- Yy WVG. (19)
The composite Hi-gs, which i- a bound state of § and g

transforms the same way.

The breaking of the SU(5) GS down to SO(5) and
the assaciated PGB'e can be described by a symmetyic
unitary matrix
ot
Under a SU(5) transformation V, U-’VUVT.

(z0)

For con-

u -UT,

venlence, we will define a unitary matrix I by

I satisfies

I = arth » 2RMal/E
T (22)

x, = Aqu, T xuxB - Gua'
This defines the PGB fields I, in tems of the SU(5)
generators X which are broken in the SU(2) invariant
vacuun (the unbroken generators satisfy '1‘l --AT“TA),
and the dimensional parameter £ which is of order A.

We can write the PGB fields as follows

T o ¢
2 %0 = 0, TPap +2T,E + | 4
¢ 0
where

3 . - -
¢ = |%], $=10,0. (B.0) =h+1ceT, (24)

]
Evidently, ¢ is a Higgs doublet which transforms as a
(2,2) under SU(2) xSu(Z)G. h is the neutral Higgs
field. Pab
{eaten by the U(l)A).

The kinetic energy term for the PGB {s contained

transgforma as a (3,3) and £ 1s a singlet

in the invariant

2
£ ] +
'y tr[(D L) (DuI) } (25)

vhere

ML= a¥r 4 g g, WITE

" " (26)
+1g X [S,I] +1g,Y (TA,I).

In addition, as in the SU(N) model, SU(2), U(1), and

U(l)A gauge bosens produce GS breaking nonderivative

interactions which generate a potenti.l for the PGB

fields of the form (where y is a constant of order 1)

v(n) = -y f[‘ 5: :r(?ﬁ‘f) 27)
-y £} tr(sIsr'y +¢ g: :r(TAITAE+)_
Note that the gg term stabilizes the SU(2) xU(1)
invariant vacuum, giving positive mass-squared to the
Dab and ¢ while the gi term does not contribute to the
oab mass, but destabilizes the invariant vacuum by
glving a negative mass-squared term to the @. Thus we
expect to be able to find a range of parameters for
which Pap are heavy and have no VEV, while ¢ has a
small negative mags-squared. For the potential to
yield s useful CH model, 1t must also produce a
positive A¢A coupling so that thz ¢ VEV will be small.
To see that this scenario, we can simply assume chat

h ¢ 0 while all other PGB {ields have zero YEV. Then
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'}.;l o o 18/v2 )
[ 0 1 e 0
I={ o 0 0 0 0 (28)
e-1 l+c 5
= 0 a 3 1e/v2
L 1shVZ 0 0 ahT 1-252_‘
where
8 = sin(/Z h/f), ¢ = cos(¥Z WE). (29)

The potential v(7) can then be written as
v(T) = %—y f“g:(cos(h/f) -cmwu)2 + const.  (3Q)

where

552

2 2
A cos\)u 3g2 + gl. (&}

If 53;; > Jg§+gi. v(fzr) iszminimized for b=y f.
Clearly for SgA = 3g2 + 8> the h VEV is small compared
to £ (and A).
zn appropriate composite Higgs potential, just as in
the SU(2) model.

Here, however, the SU(Z)C symmetry is preserved
because h is an S\!(Z)c singlet, From (18-23), we find

Thus the gauge interactione can generate

Wy = il cos’o = g2i% (1-coav, /2 G2)
which satisfies (10) as expected.

To calculate the Higgs mass in the SO(N)UC theory
we need ro know y in (27). Now we cannot relate this
coefficient directly to the ﬂ+—ﬂ0 mass difference be-
cauge the SO(R) is a different strong gauge group. I
don't reslly know how to do it, but T have a guess.
The idea is to consider the SO(N) as a subgrcup of
Then the SU(N)
condensate looks just like a special alignment of the

SU(N) for which we know the answer.
SO(N) alignment. My aseumption is that the extra
generators in SU(N) which are not in SO(N) are not
involved in an important way in the formation of the
condensate. Their }ob is simply to align it in the
SU(N) preserving direction. This assumption allows us
to normalize the f constants in the SO(N) condensate
properly for comparison with an SU(N) theory with the
same confinement acale. In fact, this Js why we chose
the normalization (22) of the generatora in I,

1f we now furcther assume that the effect of a
weak gauge group on the condeneate is the same in
S5U(N) (because the SU(N)/SO(N) gauge bosons are just
aligning the condensate), we can calculate y, Imn

50(N),

=1
g T2 ' (33)

IO N G | L
"2 2.2 N° (33)
2]

One re-son that I ?ike this guess ie that iderti-
cal reaso.ing can be applied to the SU(N) subgruup of
SU(2N) (under which the 2N transforms as N+N). It
yields the familiar large N results,

= %3
fN fZNI'z
(34)
=VZx .
xg 2 Xon
Note also that this guess can be checked in lattice
gauge theory ;_alr_\.\latiuns.ll

is worth, (33) gives

Ar any Tate, for what it

m, = 5.4 M J3/N. 35)
Several aspects of this type of compnsite Higgs

model may be interesting from the point of view of SSC

physics.
in an interesting range.

The most obvibus is that the Higes mass is
If A>>v, this is really the
only observable consequence, But for A not much
larger than v, there are others. The axisl U{l; gauge
boson has mass =gAf, In fact, this gives the strongest
coastraint on f in this model. The quarks and lep:ons
must transform nontrivially under the U(l)A i order
for the EUC interactions which produce their masses to
be invariant. Thus U(l)A gauge boson exchange pro~
duces new neutral current interactions, weaker than
SU(2) xU(1l) neutral currents by a factor of szlfz, A
detalled analysls of neutral current coastraint leads
to the bound

£ 2 2v. (16)

But still the U(I)A rauge boson could show up with a
masg 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 che other PGB's,
which transform as 5, 3, and 1 under the custodial
su(2).
charged scalars in the 5.

The most spectacular of these are the doubly
Unfortunately, in thig
theory the coupling of these scalars to WtH: (which
would show up ar the SSC) is small because it is
produced only by anomalies.

Ail the rest of the ultracolor physics is at still
higher energies. The non-Goldstonme ultraquark bound
states should show up with masses of about awf.l3 The
EUC physics is at still higher scales and will prob-
ably best be studied in rare processes (le. KL-’ue)_

Footnotes
1. In the models of reference [2] bare ultrafermion

masses were needed to stabilize the vacrum. We
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were dipsatisfied with this mechanism as it seemed
difficult to implement dynamically. We were
plensed to learn from Tom Banks of the SU(3) x
SU(3) model where ultrafesmion masses were .
. unnecegaary.
2. The order oy
contians an ul trafermion loop and is hence of
order N. Thus c3fl' = ¢(N) which maans that c,_., i3
J(1/N), because £; is O(N).

contribution to the vacuum energy
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ISOSPIN SYMMETRY BREAKING
WITH A DYNAMICAL HIGGS SECTOP. . s

T. Appelquist and M. Bowick
Department of Physics
Yale University
New Haven, Connecticut 06511

Abstract

The breaking of 1so8pin symmetry in the electro-
weak theory with a dynamical Higgs sector is analyzed,
An eftective 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 wass matrix. Special attention is

paid to the parameter p = H:/H: cod‘.w. Technicolor

modgls are then investigated. There it is noted that
p ~ i1 will naturally exhibit a sensitive linear
dependence on the fermion~doublet mass splittings.

The observation of tiie charged and neutral wesk
bogonsls2reinforces our bellef in the standard model of
color-electroweak interactions. The final missing
1ink is an understanding of the mechanism of electro-
veak 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-interactions are arranged to give it a non-
zero vacuwa expection value. The problems with this
scheme have been stressed repeatedly. One shortcoming
of special interest here ia that ss long as the Higgs
fialds are truly elementary, the model offers no
understanding of the origin of fermicn masses--they are
merely parsmetrized by the Yukawa couplings of the
Higgs field to the fermioms.

The other possibility is that the spontaneous
symmetry breskdown is due to the existence of new
matter and strong forces &t a mass scale around
1 TeV. An example are the technicolor models, in
which the Higgs sector is 2 set of bound states and
resonances formed from new, strongly interacting
fermions, Within this class of models, the masses
of ordinary fermions must come from gome direct
interactions between the ordinary fermions and the new
matter, In technicolor wodels, 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 mno
campletely realistic madel of this sort has been
constructed, it remains an attractive ides 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 Lagramgian. It
is important then to ask how this breaking infects
other sectors of the theory through higher order
corrections, In particular, ore may expect correc-
tions to the gauge boson mass matrix and to the
prediction

= M2 _ (€}
.P—‘ M‘/Mai C-“Szew i !

which ul.knoun to hold experimentally to within a few
percent.  The relation p = 1 will be satisfied if
the global symmetry of the Higgs sector is

SU(2); * SU(2)p » which then spontaneocusly breaks to

SU(Z)IA-R 5 The explicit breaking of the SU(Z)R N

required to get the right fermion wmass matrix, will
necessarily give corrections to this rzlation. In this
paper, we briefly review thie problem in the elementary
Higgs case and then discuss these corrections in the
presence of a heavy, strongly interacting Higgs sestor
and, in particular, in technicolor models. There we
find qualitatively new effectr, perhaps at the edge of
the experimental upper bounds.

In the elementary-Higgs model the SU(2) symrztry
necessary to produce p = 1 arises as an accidental
global symmetry of the potential of a complex scalar
doublet. Writing this doublet as

¢ LA Y

.§ = = (2)

¢- -7, i

we see that V = V(¢¥¢)  1s 0(4) % SU(2) x SU(2)
symmetric. When €4°)» = {o.) # 0 , this 0(4) breaks
to 0(3) % SU(2) . The original 0(4) symmetry is
larger than the SU(2) x ©(l) symmetry needed to
consistently counle thé Higgs sector to the gsuged
veak interaction sector, and this extra symmetry is
the origin of the relation » =1 .

It is clear that both gauge interactions and
isospin breaking in the fermion mass matrix violate
the SU(2) symmwetry. Thus 4p = p — 1 receives
contributions of order o from radiative gauge-boson
exchange diagrams. v

To see the consequence of isospin breaking in the
fermion mass matrix we write out the Yukawa couplings
for a generic family of fermions

1,

Yol dr)-9*\da « he

u, + (3a)

[{]
F~<
s
Oo.
T
/-\
S

Fig. L. Fermion loop contribution c¢o the pauge boson
propagator.
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‘
where u d harg 2/3 quarks and ¢ charge
- Yd =Y this takes the
SU(Z)L x SU(Z)R symmetric form °

—1/3 quarks. For Y,

Uel pe ow
da
h.c

¢) ¢- _ﬂ-’
9‘- ‘5- =
= YqiMa ®

When Yui Yq the SU(Z)LX SU(Z)R symmetry is

explicitly broken--the strength of the breaking should
go smoothly to zero as Yu approaches Yd « In fact

the contribucion of fermion loops to the gauge~boson
two-point function (Pig. 1) gives rise to

Y(ud

% .
Bp « Filo(%) 2080d gy o, ot o
P Jlx M,, m:_mz m m, +myl (4)

where 3 is a color factor— 1 for leptons and 3

for quarks. For small LN this reduces to

Af = A [ my - mg Y (5)
2n M.

The mass splitting 4m = L
quadratically since two mass insertions are required

by helicity conservation. The experimental constraint

appears

Ap ¢ 005 ®

then requires m, § 400 GeV , for a heavy quark with

Q
a massless partmner.

One may also derive (4) by considering solely
Goldstone-boson dynamics.9 By current conservation
the gauge-boson two-point function has the transverse
form

iy v(‘l‘) = (3)“’ _&)T{(f) [¢))

The 9,8, part is generated by the Goldstone-

boson diagrams of Fig. 2 and yilelds the result of

Eq. (4).
AN = e —————\ANAN
.
Fig. 2. Fermion loop contribution via the Goldstone

boson propagacor.

The arbitrary structure of the fermion mass matrix
in the elementary-Higgs model thus allows very strong
isospin violation without upsetting the relation
PR 1.

If the Higge sector is strongly interacting, the
full theory at E < ] TeV is conveniently described
by the gauged nonlinear sigma model. 9 Corrections to
the leading low energy behavior can then be summarized
in the form of operators of higher and higher
dimension which exhivit the SU(Z)L x SU(Z)R symmetrTy

of the Higgs sector together with SU(Z)R breaking

effects. By listing and then estimating the natural
size 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(Z) to U(1l) can
be completely described.

The coupling of the Goldstone fields to the gauge
fields is given by

2 +
L = 2 T (puw(a*u) ®
NL ral
4
where {&,) =250 GeV ; where U Z H/e obeys
the nonlinear constraint lIL'+ = u+U = 1 and where

- Bjy 8 U~ 4 &
b U auu+1 /z?uuu i%, B Ur, . The fermion

masses are agaln described by the Yukawa couplings
iy (Eq. 3). Among the new operators consistent with

SU(2), x U(l)
dimension as

symmetry, there is only one of the same
iN‘L (dimension two with U

dimensionless). It can be written in the form

P z (9)
L4
1, = | Tw Lu'Du
r
4
where a 15 a dimensiorless parameter.

The operator il is the only operator, in
addition to ‘NL » that contributes to the gauge boson

propagators at qZ = 0 and, therefore, it completely

determines Ap as measured in low energy neutrino
scattering experiments. A simple computation reveals
that

aoy

Ap = -2a
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A minimal size for & can be estimated by noting that

a Wwill be induced by radiative corrections invol~
ving the U(1) gauge field. It is foundlQ ghat this
source o Sl.l(z)R breaking gives rise to

a=0 (8/4r2 zan2 Ov) > a value well within the
experimental bound. The SU(Z)E breaking in the

Yukawa interactions (Eq. 3) will also induce L2 .
The lowest order computation ig the same as in the
elementary-Higgs theory and has already been described
(Egs. 4 and 5).

Thig analysis can be extended to higher order in
the loop expansion, such as the contribution to ‘;
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
Higds interactions, is the following: If there is mo
other source of SU(Z)R symmetry breaking, beyond

the Yukawa coupling IV and the U(l) gauge field
coupling, then even in the presence of a stronmgly
interacting Higgs sector with a 1 TeV mass scale,
&3 and 8 will not exceed the result (Eq. 5) which
depends quadratically on the breaking piameter. Thia
analysis will be presented in detail and extended to
higher-dimension operators and other physical effects
in & forthcoming paper.ll

Fig. 3. Higher order contribucion to 4p.

We now analyze the caae where the Higgas sector is
formed from (mew) strongly interacting fermions—
technifermions. The SU(2) isospin symmetry which
guarantees p = 1 at the tree-level is the diagonal
subgroup of the SU(Z)L x SU(2)R chiral symmetry

group of the technifermion sector.

Without further interactions the chiral symmetry
of the ordinary fermfons is unbroken—they are mass—
less. The mner economical way to give them mass 1s
to couple them to technifermions via an effective
four-fermi interaction of the form

Lv - %‘-—L(?T)'F,, * %TL(T'T)T,{-. an

The technifermions form a bpund state at some
scale ATC

— 3
<-TL11'> ~ /\Tc (12)

since isospin viplation in the atrong technicoler
interaction would sycead dicectly to the p parameter

p-1 - O (orc) = O01) an

we assume that the only source of isospin vioclation,
other than the U(l)Y gauge field coupling, is the
coupling T Thén, @ simple one-loop estimate

gives

- 3 14
Am = m, de_G_'l_./\11 a8

&

We now degcribe how this isospim violation affects
tile operator &y and the shift of the p parameter.
The fiyst observation is that there will naturally
exist a variety of other four-fermion interactions with
coupling strengths on the order of Gl and G, .

These will, for example, be induced by iterations of
the interaction T ¢ If the integrations are not cut

off at energies Delow the unitaricty bound, these new
interactions will naturally be of the same strength as
T - It might, of course, be that the iterations

are damped below the unitarity bound.
technicolor (BIC) models, for example, iﬂ.

due to an ETC boson exchange with a small dimensionless
coupling conmstant. The higher order iterations will
then be small. However, it is natural in these models
for the additlonal four-fermion interactions to arise
from the tree-level exchange of an EIC boson. Unless
some suppression mechanism is present, this will be
of strength comparable to £ A&mong the four-

In extended
could be

fermion interactions te be expected from these
considerations are the following, involving only right-
handed fermions:

s T = (15)
i{T - G:'Fg 3”"{,1;_ T; x/T: ‘Fl.
+ ht
1.+ 6T, oL nLLT ae

These have been selected simply bacause they contain
the “largest amount” of Sl.l(Z)R symmetry breaking,

and they contribute most directly rto 4p .
In order to estimete the contribution of either
;[fT‘ or Lo to 2p s it is simplest to imagine

turning off the U{1) gauge coupling g' . In this
limit, ‘IH=O and p 1is simply HS/HE . Turning

g' back on will then give higher order corrections
o the dominant concributionms,

Consider first the interaction iﬂ-' . It can
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« contribute to the W end Z masses through the graph

ghown in Fig. 4. The fact that ‘ﬂ.' involves only

'
Fig. 4., The contributions of ‘fl’ to 4o,

cight handed ‘ermions allows the presence of the two
7,'s in the trace around the figure-eight leop and
therefore a non-vanishing contribution to p = H"/Hz.

(Recall that we are here defining mass and the o
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 {lip provided by mass
insertions on the fermion lines. With the necessary
insertions on the light fermion lines, an extra
suppression factor of ufZ/ATC will be introduced,

giving a contribution to 4p even smaller than that
in the one-loop estimate (Eq. 5).

It is the operator & that gives the largest
P TT

contribution to Ap . Since it is the product of twn
SU(Z)R violating currents, the figure-eight trace

in Fig. 5 will contribute directly to 4p .
Furthermore, since the technifermion mass is expected
to be of order ’\TC (v 1 TeV) , no price is paid to

convert the right-handed technifermion to the
lefe-handed one necessary to couple to the gauge
fields.

Fig. 5. The rontributions of L. to Ao,

TT

Because of strong technicolor interactions. it is
only possible to ustimate the contribution of Fig. 5.
We find

a7n

bp= L (&

8o \ fm

Are)

where the A, factors arise since the electroweak

TC

spontaneous symmetry breaking is restored for
qz > A:C . (In the nonlinear sigma model description

of the low energy (< 1 TeV) theory, Fig. 5 can be i
regarded as giving rise to the operator 12 {Eq. 9).)

To see the significance of this result, we rewrite it
in terms of mass splittings. Using Eq. (14),

ap =L & (mm)e s (8o

This is linear in the ordinary fermion mass splittings
and the weak gauge coupling. The origin of the linear
dependence pn mass splittings we have found is the

nev scale t'.:-l/2 associated with the four-Fermi
interactions that generate masa.

The numerical factors in this expression are only
rough estimates. Nevertheless, it is perhaps
worthwhile to compare ita size to the result (Eg. (4))
and to the experimental bound. For m, >> oy and for

£ = 3, the expression in Eq. (&) *-ecomes

(3/16er) (Amz/fz). Clearly for small enough &m, the
linear expression (Eq. (18)) will dominate the
juadratic one. If the numerical factor in Eq. (18)
can be trusted, the two expressions become comparable
when om 1a of order f, corresponding to a 4p 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)). we ~ave argued that it
is likely to be a generic property of techni-color
theories, It is, in fact, not unlikely that this
kind of constraint is & general festure of any theory
in which electroweak symmetry breaking is duve to
some new matter with a mass scale of a few TeV.
must always be some SL'(Z)R violating interactions

There

to give the correct fermion mass matrix :1d these
could well feed back into Ap in the manner discussed
here.
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THE QCD PARTON MODEL AT COLLIDER ENERGIES

R. K. Ellis
Ferm! National Accelerator Laboratory, Batavia, IL 60510

Summary

Using the example of vector hoson production, the
application of the QCD improved parton model at
collider energles is reviewed. The reliability of the
extrapolation to SSC  encrgie. s  assessed.
Predictions at ¥S - 0,54 TeV are compared with data.

Prediccions for the interactions of hadrons in
the TeV range are usually made using the parton made*,
suitably modified to include the effects due to QCD .
Tne model has been remarkably successful in analysis
of experiments at fixed target energies, but present
collidera test the model in a new energy regime, which
will be further extended by the projected super
calliders, This extension of the kinematic range
ralses certain theoretical issues which 558 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, 1n order to assess the
accuracy of projections to super-collider energles.
This program 1s carried out in this paper.

Schematieally, the parton model cross-section may
be wrltten as

2 2
o(P,) - Jgkj dx, dx,, rJ(x,.o ) £ (x5, oJk(xl) 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,
antiquarks and gluons incide the colliding hadrons.

b

the extrapolation of the parton distributions to
the higher energies relevant For collider
experiments.

the calculations of parton <2ross-sections which,
when combined wlth 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 distribytions aie somewhat larger, but
the distributions themselves are smaller at fixed
target energies, The shape of the gluon distribution,
which is determined from scaling violations in
deep-inelastic scattering, s correlated with the
measured value of the scale breaking parameter f.

Setting aslde the question of the experimental
determination of the partun distributions, e W
discuss the extrapolation to collider energles. In
general the parton distribution functions are requirzd
at values of x and Q which are outside the rarge
measured in deep-inelastic scattering. The particular
values depend on the transverse enargy or mass of the
object being produced, A W-boson produced 1n proton
ant{-proton collisions at v'5 = 0,5k TeV i{s most likuly
to have come from a palr of partons having & traction
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X » 0,15 of the hadrons' longitudinal momentum,
Values of x which are higher or lower are probed 1If
the W 1is produced in the forward or backward
direction, At ¢S5 -_go TeV the typical value of X has
become x = 2.0x10 7, although in the measurable
rapidl!x range, one is sensitive to values as small as
X » 10 . For the proiluction of hypothetical heavier
particles, say of mass Q, the values of x are larger
but the values of QF, at which the distribution is
needed are also larger. We are therefore Interested
in a range such that,

Q/x < E )

where E 18 the total centre of mass energy Of the
collider.

The extrapolation to the values of x and 02

required " Is performed wusing the Altarelli-Parisi
equation.

2, 1 X
a (Q(x) Lu P_Z(qu(z) an(z)) q[;))m
a2y \6(x) 2n X z PGq(z) Pogl2), G[%)

d(1

The functions P are the evolution kerrels which are
calculated as a pertuarbation series in the strong
coupling constant. Normally the equations are used
including only the first ordgr evolution Kkernel,
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 1is

shown in  Flg. (1) for the cage of tpe gluon
déstribu:ion function at Q° = 4 Gev and
Q" = 3000 GeV®, The curves which are yery different at

low Q" approach one another at high Q°. These curves
were obtilned using the two parameterisations of Duke
and Owens' which evolve with different values of A,
Part of the reason why different starting
dlstributions, (compatible with data), give similar
results after evolution is that Eq. (3) is driven by
the hardest term on the right hand side, which ts the
well measured valence distribution.

0 T T T T T ~r T T
— b A: 2 Ged
-——— 002 A4 Gev

0% aGev?

e SV FUIL| B I TN R FRTT: PR IS T RO

Flg. 1
TWO parametslsatian& for _the gluon slstributlun
furntion at QF = 4 GeV® and Q° = 2,000 Gev“.



The . extrapolation using the fi{rat-order
Altarelli-Parisi kernels 13 expected to be accsptable
throughout the range explored at super-collider
energles. A poasible source of danger is the low x
region, untested by fixed target experiments.. As
already wentioned above, despite _our ignorance of
these distributions at low x and Q°, the AP equations
are expegt«d to glve a relisble estimate at low x &nd
higher Q°. This is because the growth at low x, due to
parton cascade from higher x, is so much larger 4than
the presumed starting value at loWw X. The issue is
whether the AP gquations with first order kernels are
an accurate representation of the behaviour of the
theory 1in this region. The one loop evolution
equations at low x are domlinated by the poles at x = O
which appear in the splitting functions. In the limit
x * 0,{C,-3, CF-HI3).

2 o, 2C
s _ %% (. %S TF
L e ()

In this approximation, the gluon distribution function
evolves according to

¢, o i@ !

2 2
W) B S f d4n 62,0 ) (5)
dinQ

The solution 50 this egyatlon in the limit in which
In(1/x) 1n(ln Q<) >>1 is,

G(x.Qz) - % exp (68)

where [ba (Qz)] L JnQZ/AZ. The second order
aplitting ?unction does not lead to a large
modification of this behaviour; gt amall x the matrix
of evolution kernels is given by,

40 50
_QCFTR"X‘ ) CATRnr

« 2
w2 (—s)
2n

¢
_ 10 u. Cay _we
el T g SRR 3 T -, Gl

(48]

This equation shculd be compared with the
corresponding results for the timelike case, For
example, the Tunction which controls the fragmentation
of a gluon 1s given by,

2,02, 2
ag "CAIn x

“gT) T v .

X 2n X (8)

T x=»0 3
Pag ¢ Fal
and after pesummation to all orders tBe moments  of
this function are known to be given by,

Be.C
iggtn) = ;‘;[—(n-n V-2 . ~:—“ ] (9)

Returning to the spacellke case we gsee from
Eg. (7} that terms of order oSln{1/x) /x for m=1,2 are
absent, indeed 1t i3 known that to all orders the
most singular terms in the perturbaféon series for the
aplitting function are of tie farm,

3
Pogle) = 4E, 2, Eiwnd) e - | (10)

The values of the coefficients a, are knoun.6 Note
that a =a, -0, Since the correction tdrns are of order
xln(1/}).ae should not envisage any problems with
perturbation theory until xln(1/x) - 1. Thus the first
order equations provide an adequate description at
least down to values,

x> 103 at o « 10%ev an

In ref. (2) it is argued that lowest order
perturdation theory should be valid to even smaller
values of x, because of the steepness near x = 0, with
vhich the splitting function is convoluted. However,
Eq. (11) 1s sufficient for most purposes at cnergles
E < 40 Tev.

In order to make numerical estimates of the

cross-sections we will use the results of numerical
integration the of Altareili-Parisi equation given in
the 1iterature, The parameterisations wh'ch we
consider are those of Dukf, and Owens (DO), Gluck
Hoffmann and Reya {GHR) and Eickten, Hinchliffe,
Lane and Quigg (EHLQ). None of the parameterisations
ia  entirely satisfactory throughout the range
¥5u0,.5~40 TeV. A satisfactory parameterisation must
a) be compatible with the data at fixed target
energtes,
b} glve 2 satisfactory fit to the result of numerical
evolution of the low energy distributions throughout
the range of collider and super-collider energies
(ef.eq.(11)). The stated range of accuracy of the
three sets 1s

DO: 5.1073 < x <1 2<Q< 103 GeV (few %)

2

GHR: 10 < x <1 2<Q < 200 GeV

ma: 1070 cx <1 23<a<w’ ey (51 ()

where the percentage is the estimated wmaximum
deviation of the parameterisation from the result of
the numerical evolutlon of the starting distribut.ons.
Thus we see that the first two sets have an x range
somewhat less than desired for super-collider
energles.

Not all features of fixed target data are
reproduced by the parameterisations, although there is
some degree of choice {n the datz sets which are used
The D0 parameterisations have an SU(3) §ymmetric sea
which appears to be excluded by the data, Since sea
distributions are 1mportant at guper-collider
energles, this deficlency can lead to noticeable
differences. The ratlo of valence down and up quarks
1s measured to be approximately given by

dv(x)/uv(x) = 0.57(1-x) (13)

The EHLQ structure functions fit this ratio rather
poorly (see ref.{12)) and hence somewhat underestimate
W production cross-sections at CERN collider energies.
Different theoretical treatments of the charm quark
threshold c¢an be lead to appreciable Gifferences at
small values of X, Generally speaking these
incompatibilities of the parton distributlen functions
with data lead to less than 20f effects In the final
eross-sections, nevertheless they introduce an
avoldable gource of error.
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The total _cross-sections for vector boson
production in pp collisions at CERN collider energles
including the 0(a ) corrections have been presented in
ref. {13}. The “gluonic radiative ecorrartions were
implemented follewing the basic strategy of ref. {14).
Inclusion of the 0(“5) corrections increases the zero
order cross-gection ~"the 8so-called K factor =~ by
about 308. This 1s to be compared with the 0(a)
correction in Drell-Yan nroducfion at [rfixed targét
energies which Is zbout 80%. ° This decrease in the
size of the radiative rorrecticn is mainly due to the
decrease iy the size of the running coupling a_. The
contribution of the initial gluons after factcriBation
is negativa and lesn than a 5% correction.

The theoretical calculations of the
cros?aseuzlons for pp collisjons at VS = 0,54 TeV
are,

L o

P (- 3 LI R (T B obd N C P
The *theoretlcal uncertalnties 1n these cross-sections
have been estimated by using; different sets of parton
distributions and different argumeats for thc¢ running
coupling., The value for the W cress-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-iections, important for count ing
neutrinos 1s leas subject to theoretical error,

W W
0

Z
[

= 3.3 ¢0.2 15

%ultiplying EQs. (14) by the branching ratio into
electrons,

B(W » ev) = 0.089 B(z° » e'e’) = 0.032 (16)
which are the values obtained for a top Quark mass
m = N0 GeV and a_/n = 0,04, we find that the product
of the cross-secton and decay branching ratio is,

e* + 110

whs
(oB) - {370 60]pb
o, + -
Zte e
(0B) - (21 "D a7

The corresponding experimental results are15'16

Wt 2°
Uit : (aB)" = 53080:9Qpb (eB)® = 71424413pb  (18)

W z°
UA2 : (0B)" = 530:100:100pb (oB}* = 110:U0+20pb (19)

Theoretical predictions for highe energies are
given in Table {1). These results are aleo 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 cholice of scale for
a {Q=M ;). The s0lid curve is for proton~antiproton and
the dofted curve 1s for proton-proton collisions.
Above VS = 10 TuV the two curves are essentially
fdentical becaure of the dominance of Sea quarks,
Also shown piotted are the cross-sections for the
production of hypothetlcal bosons of mass 0.2, 0.5 and
1 TeV which couple to quarks exactly in the same way
as the normal H boson. Thepe curves are also suhject
to theoretical uncertalnties simllar to those ip Talie
1. Although the cross-section for the production of W
bosons at 40 TeV ia large, it should be borne in mind
that only about 30% of them occur at observable
rapidities y < 2. A W produced at rapidity greater
than 2 1jes within 15° of the beam pipe.

e PP

«=em— pp

(4]

T — T T

 (nb)
S

YT

/5 Ty

Fig. 2 _
The total cross-section for the production of W
bosons, M = 83 GeV in proton antiproton collisions
(s0lid line) and proton proton collisions (dashed
1ine). The other curves refer to heavier charged
bosons with the same couplings to quarks as the W of
the standard model.

W z°

'S(TeV) o (M=83 Gev)(nb) | o (Mza-QU GeV) (nb)
0.54 n.2!l-3 1308
+1.6 +0.5
0.63 5:3.0.9 1.6_0.3
+4.0 +1.2
1.6 16.0_, .9 0 g
+6. 1.9
2 20. Ty 6.2,
10. 5. :gg 27. f‘;'
20. 130. fgg 1. :gg
40. 190.11C0. 70. #30.

Table 1
Theoretical results for the W and 2Z total

cross-sections in pp interactions at various energies
Estimates of the theoretical error are also given,

We now conslder the transverse momentum of the
produced vector bosons in more detail. This is a
subject of both theoretical and practical importance.
They are theoretically jmportant because It has been
snown that essentially the whole q, distribution
(including the 1low g. region) can be predicted. The
procedure for Lhe resummation of multiple gluon
emission inzluding 1rUansverse momentum conservation
wWas intracuced in ref. (17) and further developed in
(1.,13,19), Tne comparison with W boson
cticn dxta at #S = 0,54 TeV 1s shown in Fig. 3,
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Fig. 3
The normalised  differentlal cross-section R for the
production of (W +W ) bosons as a function of gq, at
/S = 0.54 TeV. The dotted and dashed hlstogram; are
the suitably normalised data of the UA1 and UA2
collaborations respectively. The solid line {s the
theoretical prediction for

do(y=0) fda(y=-0)
e
doy ay/ oy (20)

based on the,garhon distributions of Gluck et al.'' A
full analysis of the uncertainty in the theoretical
prediction due to the form of the parton distributlon
functions, the size of A, and the uncalculated higher
order corrections shows that it is about 255, Within
the limited statistics the agreement between theory
and data is acceptable, The change of the ratio R
with lncreasing centre-of-mass energy 18  4llustrated
in Fig. 4.

e s 2]
4 6 B W 20 30

ay 6oV

Fig. &
The narmalised ¢iffereatlal cros.-sectian R for the
production of W+ bosons in proton anti-proton
collisfons at various centre of mass energles.

With lncreasing energy a larger fraction of the
events lie above q. » 30 GeV. It is therefore -o this
large tronsverse omentum tail, s.hich 13 well
doxeribed by the simple perturbative formula, that we
turn our attentfoa,

. At super colliders the large transverse mowmentun

region 13 of most interest bBecause it is in this
region that the search for physies beyond the standard
model will take place, W and/or Z productfon at large

could cause “monojets" or "lepton + Jjet" events
with missfing transverse energy. Both of these types
of events are typical triggers in the search for new
phenomena. In order to estimate the probabllity of
such eventa from conventional QCD sources, we define
the quantity

A
"tap) - I:: do(y=0) dp,./ 17 foty=0) (29

dp; dy dp, dy T

where A, 13 the kinematic 1limit of the transverse
momentudh.

U Gey wv(q.r)l
vVS=0.54 TeV pp {¥S=10 TeV pp | vS=i0 TeV pp
25 3.4 10.0 - ---
30 2.0 10.2 26.0 -
') 0.8 20.1 16.9 ---
50 0.4010.05 1.7 15.
60 0.1020.02 8.3 1.
70 — 6.0 8.
80 -—- 4.5 6.
90 - 3.4 5.
100 -- 2.6 N
1o - 2.1 3
120 - 1.7 2.
130 --- 1.3 2.
140 - 1.1 1.
150 --- 0.9 1.
Table 2

The prodability =(q.) of finding a W boson, above a
certaln qT at varlous centre-of-mass energles.

In Table (z) the values of w at ¥S = 0,54 TeV and
10 TeV for up collisions and at /S = 40 TeV for pp
ceollistons are given, The resylts at /S « 0,54 have
been caleulated using the O(as) contribution coming
from quark-antiquark annihilation. The difference
between, m calculated in order a_ and calcu}aced in
order oS 1s small, but inclusion of the O(a°) term
1nads to a substantial decrease {n the error which is
mainly due to the scale ambigulty in the runnirg
coupling ctnstant. At the other two energles the
percentage errors on « are of the same order as the
percentags errors glven in  Table 1 at the
corresponding energles. The figures are therafore for
fllustration only. Table 2 Indicates that it is most
unlikely to fing more than 3% of the ¥W's (or Z's, for
which a stallar result holds) with an assoclated jet
or g. 2 35 GeV, Taking into, gccorr.t the factor 6
betwéen TI(Z+vv} and TI(2+e e ) it follows that at
¥¥ = 0.54 TaV we shu.id expect sbout five times fewer
monojets with q, 2 35 GeV, than regular Z decays ‘o
electron pairs ut'vs = 0.54 TeV.
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CAN THE PREON SCALE BF SMALL?

Itzhak Bars
Department of Physics, University of Southera Californiaz, Los Angeles, CA  90039-04BY

SRy

Ths preon scale Ap is bounded from below by rare
¢r Unobserved processcs and from above by toe
cosmological ghundance of stable heavy composites. On
the oth.r hand composite models can be tested by the
Superconducting Super Collider (SSC) or by low energy
precision experiments only if A 1is allowed to be at
most 5-10 TeV. In search of such models we re-examine
some conditions that must be fulfilled ir A  {s small,
and peint out the possibility of certaln mechanisms
chat could avold the dangerous rare processes, In
addition, certain propertiss of cxotic compusite
particles, their possible role in breaking the
electroweak Symmetry and in producing observable
signals beyond the standard model are also dis~ussed.

1. LOW ENERGY CONSEQUENCES OF
PREON SYMMETRIES

The structure of a preon theory 1s similar to QCD
in many ways. Quarks are confined by color forces ot
a scale A to form hacrons; preons are confined by
precolor Térces at the scale A  to form composiie
quarks and leptons (and maybe som® exotics}, Like the
quarks, preons come 1in several {pre) flavors that
define the preonlc symmetries. The major difference
from QCD 1s that the preonic chiral symmetries must
remain unbroken In the vacuum®, They are slightly
broken when perturbed by another force which is small
compared to precolor. This generates the small
masses, m<</\p, of quarks and leptons.

At low energles (E<<A_), in analogy to the sigma
model that follows from QCH, we may write an effective
theory (see e.g. ref. 2) that describes the low lying
composite states of the preon theory. This must have
the form

Le” = L(standard) + L{non-renormalizable),

The symmetry structure of L 1 is dictated at the
scale where the bound stateesr form. At A_ all known
J{orces T(including QCD) are small comparea to the
confining precolor interactions. It 1s therefore
useful to consider the 1limit 1in which all forces
except fc~ precolor 1{s turned off. The fully
conserved preonic flavor symmetrlies G, that show up in
tnis Limit govern the classification of all composite
states. These may include

{1} 3 or more generations of massless quarks
and leptons

{11) Magsless exotles (color, weak isospin,
charge

(111) Heavy composites m > A classified in
irreducible representatPona fr} of GF.

Oniy the states {J) and (1i) are included in Le". At
energies E > A, the states (i11{) are also considered.

The symmetriea G_ also govern the structure of
the 4-fermi and other non-renormalizable interactions
that appear in the effective low energy Lagranglan.
5U(3) x SU{2) x U(1) must be a subgroup of G.. It 1s
gauged. The classification and structure of
interactions provided by GF are only slightly changed

when QCD, eleliroweuk or other mass generating

interactions ar> turned on (however, the model should
have the pro; iy that these symmetry breaking
interactions must not mediate undesiratle levels of
neutral AS = 120r other reactions that may be
introduced v‘a maas generation and "Cabibbo™ mixing).

The important role of the #H-fermi Interactions
for testin. compositeness at low energles was first
discussed in Ref. 2 and later in the 82 workshop® and
other artfcles®. In the effective theory the 4-fermi
interactions are assumed to have the strength A3/2A% .
If they wediate a2 rare or unobserved process then A
may be recuired %o be large. Here are some of thi
bounds on ""p taken from Ref. 2.

Process Limit on A
—p—
Proton decay A > ax 10'* Tev
K®-K° mixing P S 2 x 400 Tev
D"’—D“ nixing Ap > A % 50 Tev
K +7 pe AT 2 3 x 30 TeV
K +ue AN x 25 Tey

A=0 because of

Nalvely the magnitude of A ({unless
21

symmetry) 1s estimated to be of order 1 by analogy
to QCD. [Note different definitions of the scale A
used by others authors®'*.] HMe see that from the
polnt of view of the SSC ihe most interesting models
are those with enough symmetries that require 3«0 to
supress each one of the above f{and slmilar rare)
processes.

1t is remarkable that many of the proposed preon
models can be banned from the TeV regime (l.e. A _>>few
TeV¥) thanks ¢o the existence of the few pregisicn
measurements listed above. There are proposed
experiments to improve the limits of K-decays. The
impact of future experiments on A_ can be estimated by
not ing that the dependence of tRe decay rates on A
is quartic?: I (!(—decay)-—(1/)\p)". P

It is not difficult to find models® with
symmetries that suppress the Y-ferml and higher
dimension interactions (i.e. A=0 indentically) that
mediate (1) proton decay, (2) K°-K° mixing and (3)
D°-D° mixing. The criteria to eliminate these are as
follows?: {1) Baryon number must be one of the
conserved gquantum numbers In the form of a U(L)
embedded 1in G.. {2) There must be no symmetry
embedded in that can tra..form the left-right
components of f51e conéuosite strangec quark when written
in the form (sL,s ), where s i3 the charge
conjugate of s,. Thlis may be asslred by requiring
8, 4,5, to helon% to distinct representations of the
(!ubggroup(s) of G.. (3) There must be no symmetry
in G, that can miXx the left-right compopents of the
composite charmed quark in the form (¢, ,c , ) where ¢
is the charge conjugate of c.. Agaln, Ems may be
assured by requiring cL.c o belong to distinct
representations of the (gub)group(s) of Gg. [ The
following provides an undesirable example: if the
Georgl~Glashow SU(5) is embedded {n G_ then the
10 contains (c;,c ) and they can mix via a generator
of SU(5)<G... ‘Ir this happens then D°-D® mixing will
occur via ‘the U-fermi interactions, and will require
A 50 TeVl. These criteria are compatible with the
symmetry structure of the standard model based on
SU(3) x SU{2) x U(!) which 1is expected to emerge as
the low energy limit of the preon theory.
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However, as pointed out in ref. 2, the case of
K~docays is more delicate because, unlilte the other
proceses, A=0 may not be 80 easy to achieve by
symmetries which classify the quarks, and leptons
together in repetive families. K + = pe or X =
pe can be climinated by symmetries only by devlatling
from the intuitive classf{fication of families

b) .° aily quantun numbers come from scalars or .
airs of fermions that occur aifferent
number of times in different familjes.

¢ Family quantum numbers come from radial
quantum numbers:.

Thus, under the assumption G_ = G, x C , where Gv
lumps quarks and leptons in gne ¥am1 . and @&

suggested by the standard model es described below.

The mags spectrum of quarks and leptons together
with SU(3) x SU(2) x U({l) anemaly cancellation
arguments within the atandard model have led to the
notjon that a single family cuntains both quarks and
leptons and that there exlsts at least 3 familles of
increasing masves. A complete family contains 16 or
15 fermion degrees of freedom. [Tha structure of
Grand Unified Theories relnforess the notion that
quarks and leptons belong together in one r‘amuy.]
The repe'ition as replicas of the first one is wnot
explalned in theories of elementary quarks and
leptons. In composite models it has been suggeste
that the repetiticn is required at least in certaln
classes of models, due to anomaly cancellation of
precolor in the underlying preon theory, thus
connecting ine existance of families to underlying
dynamics.

In the limit of zero gauge couplings for SU(3) x
suU(2) x U(1), anc absence of a Higgs, the standard
model shows o big symmetry: SU(U8) (or SU{45)~i§ fer
family) corresponding to 48 (or 45) left harled free
rfermions. Thus, in the absence of the gauge rouplings
and masses i{n the standard model the famlly structure
is compleiLely washed out. This 1s an aceldent simply
because L (standard) is quadratic in the fermions.
However, in a composite model, if there is a family
structure, 1t will show up in the structure of the
4~ferml and other non-renormalizable interations.
Thus the preonic 3symmetry G. that provides a family
structure must be a subgrou’i-a of SU(48) or a larger
group if there are more families. There are, of
courge, many possibilities, but the one that suggests
itself most intuitevely (when the masses and gauge
couplings are turned on) 1s a cross product of the
form

SU(48) > (GV x GH) - G (1.1}

where Gy (y for vertical) acts on the 16 (or 15)
members of a family, and is the same for all families,.

SU(16) > Gy (1.2)
While G, (M for horizontal) acts on the 3 families.
In the limit of zercy®. might satisfy U(3) > G, or
U 3) x U(3) > G,, etc, depending on the number of
irreducible representations in which G, classifies the
16 rfermions. [Examples of such structures occur also

in grand unified theorles; e.g. for SO(10) grand
unification G,= S0(10), G _=U(3); for SU(5) grand
unification SU(5), G aU(3)s  x U(3),, for
Pati-Salam unification ¢, & su(¥) x su(2), x su(2)

,
G, = U(3) xu(3), etel. 'Tno main tning tb notice §s
not the parti%ular group, but the vertical x

horizontal structure that one might expect if families

are t0 be explained by compositeness, and that such an

explanation is likely to lump together quarks and the

lgptons of 1 rfemily 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 ugsual
quantum numbers are carried by other preons.

distinguishes families, we may analyze the kiads 3?
~fermi interactions that must occur with a coupling
A'2A.2, where A is of order 1. Here We find thet

thers 13 alxays & term that mediates K i ye ana/or
K +pe, namely

L
E—- -
2—:,- [So (-Yz—v’)dolteo “—;!ﬂg]‘ﬁpsmetr‘lc werms(1.3)

where the o-index implies that these are the states
cefore mass generation or Cabibbo mixirg 1s taken inio
account. Assuming that these miving angles are not
large we see that the symmetry =G XG, can never

sliminate this term and thus we mustF requlre

Ap 2 (20-3C) TevV. (1.4}

{Note that the decays occur for zero Cabblbo angles.]
Models satisfying the reasonable assumptions above are
therefore just beyond the reach of the SSC (E {max)e
10 TeV in parten + parton center of mass with any
appreciable luminosity).

Any model that managos to avoid the conditions of
the theorem above is likely to do it in one of the
following ways: either

(1) Quarks and leptons are not linked within a
family. -
or (i) There is a set of one or more preunic
U(1)'s that assign different quantum
numbers to quarks than leptons and
simultaneously distinguish families.

or (111) The mixing angles are large so that the
mass eigenstate 1,u,s,d correspond to egs1,

Ho=H, 94=5, d,=d. Instead of 1, e. may
correspond to an even heavier lepton.

To these one could add less attractive pcssitilitvies
that destroy the repetitive family structure, but we
will not consider them here, since 1nderstanding
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
1s the model could be constructed for only the
quarks’. We recall that the U{t), gauge anomaly in
the standard model is the only evidence or a 1link
between quarks and leptons of the same family. this
guage coupling has nothing to do with the precolor
Jynamics that vield composite quarks and leptons. A
model which does not provide a dynamical link between
quarks and leptons {ln 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 ] suggest that (t 1is
attractive to associate the desired global U(1)'s with
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. the hypsrcharge Y of the standsrd model, since this.is
. the only apparent link between quarks and leptons in

esach family. For example, consider 3 conserved
. preonic U{1)*s that assign separately the hypsrcharges
RIS in each family. [The eauge U(1)y 1is the
ndiagonal®™ U(1}]. These U(1)'s or an . appropriate
discrete subgroup embedded in them are sufficient to
eiimindte the dangerous terms of type (1.3). While
this sounds attractive a model of this type has not
yet been constructed. -

The third case® of large mixing angles ls also
counter intuitive. However, here there may be rocm
for much further Investigation since an attractive
mass generating mechanism does not yet exit. Note
that even though mixing angiles may completely be
rotated away in the lepten sector in L (standard)
(certainly so, if YR do not exist), this is not
necessarily the case in L{¥~fermt), Since L{4-ferm!)
1s not quadratic in the fermions. Thus, in this
mechanism the burden of suppressing K, , K+ rare decays
rests with the mass generating m&chanism without
compromising the suspected linkage between quarks and
leptons. The <¢lassificaticn scheme for mass
eigenstates 1s then expected to look as follows

P
1st famity (3 uy dp CIER v

¢
2nd family (s) PE)L Y (1.5)

L °R °R WR

~
t

3rd family (D)L ty DR L SR VeR
where u, ¢, t are the (u,c,.) mass elgenstates
rotated by the cabibbo-Kobayashi-Maskawa mixiug angle.
with such a mass scheme, e.g. some of the models
discussed in ref. 2,6 would completely avold all the
bounds discussed avove.

fg)

Furthermore, by mixing the (u,c,t} quarks rather
than tre (d,s,b) quarks, As=1l.eutral cirrent Y-fermi
interactions do not occur. the fawlly changing
interactions that are generated by this mixing scheme
are not restricted by Known phanomenoclogy. In
L(standard) it does not matter whether the ups or the
downs mix, however, 1In L{4-ferml) it makes an
imporvant phenomenological difference. Of course, the
mass generating mechanism holds the secret for why the
ups rather than the downs {or both?) should mix,

An example of trouble free U-fermi interactions
that illustrate the points above is explfeity
exhibited in section 3.

2. COSMOLOGICAL UPPER BOUND ON A
—P

In the previous section we discussed bounds
coming from low energy physlcs. liowever, cosmological
consideration can help probe the hzavy sector M - A
of & preon model If there are long lived states. Thi8
i{cee was first implumented In ref. 6. as outlined
below.

A precn mogel often has some (naively) conserved
U{1) guantun nunbers. The low mass quarks and leptons
can oe taken neutral under some U(1) but soume heavy
atates are charged. Tnen, Iln the sume way that the
proton is sgtable, such states are also (paively)
stable.

fiote that @ emphasized Baively conserved U(1).
Thiz is bpecause afier stronger precolor instanton
effects tnis U(1) may be broken (it is broken in ref.
63. However, ope must 3till analyze the effective
instanton interaction and estimate the rate at which
the hneavy state 15 aslowed to decay. Then, an

interestfng huge supmcession may be found if the only
allowed decays ar. to a large number of particles,

‘despite a strorg effective coupling constant. For

example, the lifrtime of a heavy scalar particle,
M~A_, that decays to N massless particles in the final
stafe must be larger than

12 ) !16'*’-1
(G’Ap) *

Here G is a dimensionless effective coupling that
measures the atrength of the (instanton) fnteraction.
A realistic model may require N of order 16,
corresponding to the 16 members of a family, as in the

13n-4)1 (o8-

(=0 2.

1)1 {(aN-2)1

example considered in ref. 6. Then
12 “—g?%eﬂ- (4 x 10**) years, (2.2)

Thus, even for a iarge value of A , the lifetime of
such a particle 13 larger than tHe lifetime of the
universe. This illustrates that U(1)'s that are
broken by instanton effects should not be dismissed,
as they may still lead to almost stable particles.

In the event that a preon model has long lived
particles (even for lifetimes than several minutes),
cosmological corslideratfons can put limits on its A_.
In rer, 6, mainly the case of t 2 T (universe) wal
discussed. It is estimated that the abundance of such
stable particles in today's universe is

N ) (ap ) (Mplanck)
. LR S SRR FAE =it . (2.3)
NV today leanck Ap

For these not to dominate today's matter {baryons)
dominated universe, we must require

Ap S 250 TeV. (2.4)

It may ve possible to improve this bound by taking
into account clustering of such partiecles fn the form
of galaxies. In any event, the fact that there is an
upper bound in certaln potentially realistic models
and that the bound is fairly low is rather interesting
from the point of view of the SSC.

3. A _MODEL WITH EXOTICS

A preoun model can be tested at low energles if it
has exotic bound states that are G.~ partners of
the (massless) quarks and leptons. The mass of such
states is 1likiely to be i{n the range

m, <mc< L (3.1)

top

thus requiring energies lower than A_ for discovering
theii. The recent jet activity arouhd m-~150 seen at
the UA1 and UA2 detectors at CERN may be attributed to
exotics, as discussed In the Compositeness Subgroup at
the SSC Workshop®. The model presented here is an
example which has a minimal number of exotics [1 color
nonet (8+1)], and can provide signals of the type seen
at CERN,

The precolor group is taken as G_=SU(4)xSU(4) and
the preons are placed in the thre representations
Ry=(4,4), R,=(U,1), Ry=(1,4). The numbers and
helicities of the preons are

T Ryl Ras(10, 46008, (3.2}
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Thus, the preflavor symmetry G. which classifies the
preons and composites 15 {after instanton effects)

Gp = SU(4) x SU(10) x SUCE) x [U(1))%xz*  (3.4)

The massles composites which satiafy anomaly,
decoupling and certain other conditions for the entire
congerved GF are:

10, DR, 1, @0V (3.0)

Thie solution was used before in refs. (2,6) (without
ex. jes) with a different interpration of the "flavor"
quantum numbers than the one suggested below,

We embed SU(3) x SU(2) x U(1) in Ge so th. ke
preons are classified as follows:

Bas bs (3,00 000010y, (3.5)

R T Iy

y

632110 (1,10t (1) (1,10 41,13, ot
O,

The subscripts are the (1. quantum numbers. Note
that this embedding is anomaly free for gauged SU(3) x
SU(2) x U(1}, as it should be. QCD 18 embedded in
SU(4) a la Pati-Salam. Therefore, the composites are
classified as {4 — 23 a4 )

3 ”‘(3'2’116‘(3-1)5/341.1.)1«:.(6.1){
4y 10, 1)
RRREE e R NTRILY
30 303,133 (3.6)

N 3x(1,1)ﬁ43x(1.1);_1

This corresponds to 3 usual familias of quarks and
leptons plus a fourth up quark, plus a color ronet
{(3x3%,1) = (1,1)L° + (8,1)° and a single: (1,1)° .
The quarks and léptons may beé indentified as in (1.‘;')
so that A is not restricted by the rare processes
discussed In section 1.

The point of this model is the presence of the
nonet so that the singlet and octet have the same
2lobal guantum numbers, corresponding to a conscrved
U(1) embedded in G_. Suppose the octet is heavy. If
produced in pp r‘egctions at CERN it can decay to 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 see a palr
of highly energetic jets plus missing energy. Since
one of the quarks may sometimes be slow, the event
{alter the cuts) can also look as 1 energetic jet
plus mlssing energy. The cross section for production
+ decay i{s quite large and can explain the rates seen
at CERN, as discusserd in the compositeness group in
this workshop.® Note that the octet of this model has
some properties similar to the gluino in
supersymmetric theories, if the gluipo i{ts taken at
around the same mass, and may be confused with it.

More model independent properties o: exotlcs, are
discussed in ref. 9.

I wiah to propose another important role for
exotics in a composite model. Harciano!® suggested
that high color states (6, 8, 10 etc.) may condense at

the electroweak scale Fw ~ 250 GeV, thus providing &
mechanism of mass generation analogous to technicolor
but only with QCD forces. In the context of composite
models this idea i{s quite attractive because

(1) Exotics occur naturally

(11) The 4-fermi interactions provide masses for
quarks and leptons after condensation,

In the models of elementary quarks and leptons
digcussed in ref. 10, it was difficult or unattractive
to implement a substitute for (1i).

To use this mechanism one must address
questiona’? about the asymptotic freedom of QCD
because, I1f QCD 1looses 4ts asymptotically free
behaviour due to many exotics, condgnsation would take
place at the highest values of QCD, thus at the
highest scales, This is not desirable. For this I
emphasize that in a compmsit,eB wodel we must separately
consider the calculation of "QCD in the regimes below
A 2and above A_. Below A there gre few and
nBn-exotic preons® 1In terms of ,reons facp must ana
can easily be negative for asymptotié.‘ freedoy to be
correct. Below A_the behaviour of QCD or "QCD may
be smooth or com)ﬂ!cat,ed depending on the number of
exotics and their thresholds 1n the r ge QD < u <
A_ condensation will occur if QCD'“’attalns the
cR:tical value at p = Fn = 250 GeV

“eritical = "QCD (F) (3.1

[“eritical may approximately be estimated '°,'! vyia
the quadratic casimir for the exotic representation R,
C,(RINF }=1]

For w > Fm, «(uy) must never exceed =critical,

otherwise the scheme will not have any meaidng. Two
possibile situations are shown in Figs. 1 and 2

Fig. 1. Few exotics. 2<0 “or all scales.

Fig. 2. HMany esotics. B>0 above 2m threshold:

< bove £, .
<0 above 2
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are few

g:’t‘otﬁﬁ'ao 'chage‘.’heb%l?uunc“on (alope of («(u)) alwaya
remains negative. In Fig. 2, there are to0 many
exotics below A . The threshold for producging the
exceeding exotits i1s p=2m, bove which CD 1is
positive. However beyond A "QCD s again negative
aince the computation {s dbne in terms of proons.
idote the interesting sultivalued plot of g versus «
for this case which, as explained, can happen quite
naturally in & oomposite model. Each branch of this
curve is computed pertubatively since “Qco(p) s
small. The non-perturbative phenomena occuring via
the underlying precolor forces {5 what gives rise to
such a non-pertubative looking curve.

For these mechanisms to be useful for electroweak

symmetry breaking there should be some exotics
caprylng electroweak quantum numsbers, such that
Al"=172. These could be of the form (r,2} +(r,t)
where r 13 a complex representation of SU(3), “such B

r=6, 10, etc., and 2 is a doublet, 1 1is singlet of
sU{2) The numbers of doublets and singlets sould be
such that the symmetry breaking preserves a custodial
sU(2) (approxirately). We cannot allow r » real
(e.g (8,2)) since this would lead to AL =1 via (r,

x (r,2}, ~ (1,3). Any real exotic representauon
shohld not ‘!‘umultaneously be & doublet of SL‘(Z)
€.8.(8,1) iy 0.K.). As Marciano estimates, 2 sextet§
together with the usual 3 families just about saturate
asymptotic freedom for QCD. Thus, although there fis
the possibility of a composite model described by Flg.
1, most models with exotica are lilkely to be degcribed
by Fig 2, If they play any role in electroweak
symmetry breaking.

Models with exotiecs now being investigated will
be described in future publications,
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THE CASE FORLIGHT GAUGINOS
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Summary
I consider the possibility that gauginos be sub-
stantially lighter than quark and lepton superpartners,
After a brief review of the present limits, 1 go
through several possible spectra for 1ight gauginos,
photinos and w-inos, each leading to quite different
experimental signatures.

1. At this 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 possibility that gaugino masses
-in many instances not simply related to the scale of
supersymmetry breaking- be considerably lighter than
the scalar superpartners of quarks and leptons, thus
making some gauginos more easily amenable to experi-
mental search.

As a mere way to produce sensible mass spectra
for light gauginos and discuss the corresponding signa-
tures, I refer tc N = 1 supergravity models giving rise
at low energy to a softly broken, globally supersym-
metric SU(3) x SU(2) x U(1} theoryl. furthermore, 1
invoke an approximale symmetry (U(N}, U(N,1)) of the
pasic Lagrangian enforcing the vanishing of the tree
level gaugino Majorana massesz. 1 mimic in this way
the situation of a renormalizable supersymmetric field
theory whnich is knowin to produce gaugino Majorana
masses only via loops. For example, in the gluino case,
1 belieye that it makes physical sense to start with
a tree level vanishing mass, m'a(o = 0, to avoid unwant~
ed CP violation effects possibly related to an imagi-
nary part of ma(" in the neutron electric dipole mo-
ment or in the QCD p-parameter.

2, The laboratory limits for a light gluino
(ma 5 Ge¥) coming f:om beam dump experiments and
stable particle searches, are summarized in Figure 1,
taken from Dawson, Eichten and Quiggs. These limits
are probably conservative, since they do not include
the implications of the decay J/y » §§ {but who knows
the threshold effects due to the physical mass of the
gluino containing R-hadrons ?} or the limits on neutral
stable R-hadrons produced in relatively low energy
experiments (but there the relevant production cross

GLUINO MASS, Gev/e

P
Toule

SOUPAR MASS, GeV/Z

¢
Fig. 1. : Limits on the gaugino mass as function of tne
Tightest_squark mass. The gluino ts zssumed to decay
into a qq pair and a massless photino. The corresponding
lifetimes are also shown.
than 5 GeV is not exciuded. On the other hand, for a
heavier gluino which decays into hadrons and an unseen
pnotino, its copious pair production in pp collisions
aliows 1o exclude a mass window 5 GeV ¢ m;{w GeV¥
already at present™.

The photino fs more elusive than the gluino. For
a scalar electron heavier than about MU GeV -the
situation I wili mostly consider- there is no limit
at present from laboratory experiments on stable or
quasi-stable photinos.

As is well known, assuming tne conservation of
a discrete R-parity, the consequent stability of the
lightest supersymmetric particle allows to 1imit its
mass due to cosmological considerations. The photino
can be stable only if its pair anainilation into quarks
or leptons via scalar exchange is efficient enough to
reduce its cosmological mass density below leu'zggr/cma.

* see the talk by John Ellis
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rapidly incrzases witn the mass Mg of the scalar querk
or lepton exchanged : typically lr; 2 142 GeV for M =
40 GeV, Sy 2 10415 GeV for Hg » 100 Gev *. 0n the
other hand, cdd as 1t might be, a stable gluin: would
always annihilate sufficicntly fast into a virtual
gluon not to give any apprecfable contribution tn the
cosmic mass. Sti11 there would be residual gluinos with
a number density relative to hydrogen of about 10'“’.
forming neutral stable nadrons, 1ike (§g) bound states.
in turn these states would bind to nuclei, giving rise
to anomalous isotopes. From studies™ of 018 this is
excluded for masses between about 5 to 35 GeV. Om the
other hand, the coﬁparisnn of chemically versus physi-
cally determined masses is not accurate enough to give
any other constraint,

3. Witn reference to the theoretical framework [
have already mentioned, one can 1:I'Iscuss6 four types
of 1ight gaugino spectra with different experimental
implications and different degrees of plausibility,
depending on the value of the gravitino (m) and the
top quark mass {m,)*

i) (1TeV cm < 10 TeV,mtz 50 Gev)

mu:m'l\.=20 + 50 GeV
nr§=20 + 50 GeV
m'\\r.7 + 15 Gev

One is led here to a rather classical phenomenology
for supersymmetry searches, the present pp collider
being quite suited to perform this search. The reac-
tions of interest are
pp+§g+Jets + missing P
as already mentioned, and
pp~+W + anything
bW
pp+2 + anything
LW
with the w-ino decaying,most of the time,intc a pho-
tino and a virtual W, The signature for w-inos is the
missing energy carried away by the undetected photinos.
ii) (lTeV{m;‘lO Tev, my 5 35 Gev)
Comparing with the spectrum in 1) the light top could
give rise to a gluino lighter than the photino. 0Odd
and unlikely as it appears, this situvation is, however,
not excluded. Now it is the photino that decays into
a gluino plus a Qg pair and not vice-versa, with typi-

“ The top quark mass enters into the determjnation of
the gluino mass, scaling approximately as mg¢, sir e

1 assume, in order to make a prediction, thdt the top
is the heaviest coioured particle exchanged in the
Toop for the radiative gluino mass. For ~re detalls
see ref, 6,

cal Tifetimes of 10710 ¢ 10" secs, The most striking

consequence would ke the absence of the missing P
signature associated with supersymmetric particle
production. Beam dump experiments are obviously irrele-
vant. This seems to be the worst case for an experimen-
tal search, although probably a careful analysis of W
L'
decays could still reveal the w-ino decay mode
“
Y +virtml ¥
g, 11
ke §+ida
ii1) (150 GeV g m 5 4U0 GeV, L 50 GeV)
LAl O 20 + 35 GeV
n&-al ¢+ 2 GeV
m;= 400 + 700 MeY

This is the classical case alreadv discussed by Farrar
and Fayet7 a long time ago. Althouah the gluinos are
copiously produced in hadronic collisions, their detec-
tion could be obscured by nonperturbative effects. Un
the other hand, the relatively heavy scalar quarks

(mg= m % 150 GeV) can make the gluino lifetime long enough
(z 1077 ¢ 1072 secs.) so as to make the beam dump exper-
iment uneffective and ratner suggest searcnes for anoma-
lous tracks or decay paths in hagronic collisions. In
this situation t*e most promising way to look for super-
symmetric signals is the search for light w-ines and z-
inos in W and Z decays. A non negligible fraction of
1ight gluinos in the proton could give rise to singla

squark production in high energy hadronic collisions®,

iv) (m<qu GeV, m <35 GeV)

Again, one may consider, as in ii} 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 electrically neutral. It could possibly have
escaped detection so far. The remarks made in ii} on tnhe
missing P signal apply aere as well.

Looking back at the cosmolegical constraints, in all
cases, 1}, 1i), ii1), except the last one, iv), there is
a conflict of cosmology with tiie spectra that we find :
anotner particle is required to play tne role of the
lightest superpartner. As & possibility, one can think
of a gauge singlet fermion, z, maybe neeced for inde-
pendent reasons, with a mass ¢ 1 kev®, In this case, one
would have photino or gluino decays Y+ y + z (§+g + z)
with t{ypically long lifetimes. 1 ¢ 103 secs.

4. The present status of supersymmetric models dees
not allow any firm prediction of the various gaugino
masses. For this reason, it is useful to keep in mind
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that a 1ignt gaugino spectrum {s far from being excluded
on an experimental basis. One has in fact, various
options which, even with different degrees of 1ikelihood
give rise tc differen* alternative phenomenologies not
to be discarded a priori.
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