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1. Introduction

The most exciting experiments with a new accelerator are those which discover new
particles. One of the main motivations for a Large Hadron Collider in the LEP tunnel is
the opportunity it offers for exploring a new energy range, and perhaps discovering new
particles with masses up to 0(1) TeV. This report summarizes work done by our theoretical
working group on exotic particles before, during and since the Lausanne meeting. We
discuss the motivations, rates and experimental signatures for new physics and new
particles in the 1 TeV mass range.

Section 2 reviews some of the motivations for expecting new physics in this range.
0f particular interest is the physics of gauge symmetry breaking. From where do the wt and
Z° acquire their masses? From spontaneous symmetry breaking? Via the Higgs mechanism with
elementary Higgs particles? Are Higgs masses protected by supersymmetry? Or are they
composite? Other ideas for new physics which might be detectable in the 1 TeV range
include the possibility that the W' and z° may be composite - is this why they are
massive, whilst the photon y and gluon g are massless? - or that quarks and Teptons may be
composite - is this why there are so many flavours of apparently "fundamental" fermions?
In the case of spontaneous gauge symmetry breaking it is possible to give firm arguments
why new physics should be expected in the 1 TeV range. Such may also be the case in models
with composite W" and Z°. It is not so obvious why quarks and leptons should appear
composite at an energy scale 0(1) TeV, although some theorists have been inspired by

recent UAn collider data 2,3,4,5,6

to speculate about this possibility. More motivations
for new physics in the 1 TeV range are provided by Riccardo Barbieri ! in his talk at this
meeting, while Roberto Peccei 8 discusses composite models in his talk. One possibility
(discussed at this meeting by Chris Llewellyn Smithg) is an extension beyond SU(Z)L X
U(l)Y of the electroweak gauge group, perhaps to SU(Z)L X SU(Z)R x U(1), which some
theorists expect to yield new gauge bosons with masses below 1 TeV.

In section 3 we discuss the rates and experimental signatures of new particles
predicted by theoretical models of gauge symmetry breaking, notably the Higgs boson,
supersymmetry and technicolour. Among the signatures we discuss are multiple wi and/or Z°

events (for the Higgs), missing transverse energy (for supersymmetry) and multiple tt events
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(for the Higgs and technicolour). We provide many examples of final state differential
distributions in rapidity and P> particularly for Higgses and for supersymmetry. We also
analyse some physics backgrounds to the new particle production processes which interest
us. Examples include w*w‘, Z°Z°, W(Tt) and (tt)(tt) production as  backgrounds to Higgs
production. However, we do not consider in detail non-physics backgrounds such as the jet
fluctuation background to missing energy signals for supersymmetry production. Many

calculations of conventional physics processes which may provide backgrounds to new
10 11
. The

12

particle production are presented in the talks by Ali and by Andersson
production of new particles in ep collisions is discussed in the talk by Altarelli
Section 4 summarizes our preliminary conclusions on the observability at a high

energy hadron collider of the new particles studied in this report 13.

2. New Physics in the 1 TeV Range?

Unfortunately for our sense of progress, the Standard SU(3) x SU(2) x U(1) Model
continues to work very well. Fortunately, the veneer of experimental success may be
beginning to crack. In recent months a variety of funny events have been reported from the
CERN pp Collider. Among these are monojet "zen" events 4’6, electron + jet + missing
energy-momentum events 3, anomalous Z° - ]+1—y decays 2, a possible bump in the multijet
invariant mass distribution around 150 GeV in mass 5, and a number of dimuon events,
particularly three with like signs. Many physicists believe that some of these events may
be inexplicable within the Standard Model. Perhaps all these phenomena will eventually
turn out to be explicable within the Standard Model, but we hope one or more of them may
lead us beyond it. Theorists have been proclaiming for some time the inadequacies of the
Standard Model, and proposing myriad solutions to the mysteries it leaves unsolved.

What are the origins of particle masses? Are they due to the spontaneous breakdown
of SU(Z)L
flavours? Are they composite? Are the Wt and z° composite? Are the spin-zero fields

X U(l)Y? Why is there such a proliferation of "fundamental" quark and Tepton

related to gauge symmetry breaking composite? Since they offer the best motivations for
the existence of new physics in the 1 TeV range, we will concentrate here on the possible
mechanism of weak gauge symmetry breaking, including the possibility of composite
spin-zero fields.

2.1 Gauge Symmetry Breaking

If weak gauge invariance were exact, the W* and Z° would be massless, in the same
way that the masslessness of the photon and gluon reflect exact U(l)em and SU(3)C gauge
invariance respectively. Similarly, the known quarks and leptons would have to be
massless, since their left- and right-handed components fL, {R are known from standard
weak interaction phenomenology to have different isospins: I = L 0 respectively leading
to maximal parity violation in the charged current weak interactions. Fermion mass terms
couple left to right: mf(?LfR + ?ﬁfL) : and therefore must violate weak isospin invariance
with Al= %. Hints on the nature of the new physics responsible for weak gauge symmetry
breaking can be extracted from an analysis of perturbative unitarity and renormalizabili-
ty14.
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To avoid unrenormalizable divergences in one-loop contributions (fig.l) to 2 <> 2
scattering processes, all tree level 2«2 scattering cross-sections must fall as 1/Eém at
high energies. The archetype is ete” » u+p', which is well-known to have the point-Tike
cross-section 4 ﬂu2/3Eém in lowest order QED, consistent with the renormalizability of
the theory. Non-abelian gauge theories almost succeed in having the same good behaviour,
thanks to the cancellations due to the 3- and 4-gauge boson vertices (fig.2). However,
there are residual excesses over the 1/Eém law, which are proportional to me in the case
of fF>W'W™ annihilation, and proportional to mﬁ in W'W > W'W™ scattering. To cancel these
out we must introduce (fig.3) a new boson with couplings to fermionsalnf, and to gauge bo-
sons anxf Such a boson should not have spin greater than 1, as the couplings of such par-
ticles are well-known to be unrenormalizable. The hypothetical new boson cannot have spin
1, since the only such bosons allowed are gauge bosons, and they have universal couplings
to fermions, not couplings proportional to me. The only solution 14 is to postulate a new
boson with spin zero - either the Higgs boson or something very much Tike it.

2.2 Elementary Higgses

We have already seen that generic Higgs couplings are proportional to me for
fermions and to mﬁ for massive gauge bosons. In the minimal version of the Standard Model
with one complex I =<% Higgs doublet there is just one elementary neutral Higgs H° and no
charged Higgs Hi; and we will stick to this minimal possibility in what follows. The

couplings of the unique H° are completely fixed 15:

IS

L
Gype = (VZ6R)2 me , gty = 2(/26)2 my, (2.1)
Thus the H° couples to the heaviest particles available. For example, decay rates to some
fundamental quarks and Teptons are in the ratios
[(H® > Tt) @ T(H® > Bb) : T(H® » 7 17) : T(H® » y'y7)
(2.2)

2 3m2 : m?2 @ m?

2
z3mt : b T "

Thus any H° heavy enough to decay into (tt) would have a u+u_ branching ratio less than
10-5. Thus looking for H° - p+u' at a large hadron-hadron collider is unlikely to be very
fruitful.

While the couplings (2.1) of the minimal H° are completely determined, its mass is
almost completely arbitrary. Fruitless nuclear physics searches 16 tell us that

Myo 2 0(15) MeV (2.3)

while radiative corrections and conventional cosmology 17 suggest that

Myo 2 10 GeV (2.4)
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However, the radiative correction limit is not watertight, and can be evaded if the t

quark mass is suitably chosen. At the upper end, if we want the Higgs self-coupling to be

weak enough for perturbation theory to be applicable, then we need 18,19

Myo < 0(1) Tev (2.5)

0f course, it is just this assumption of weak self-coupling which is jettisoned in techni-

20

colour models of strongly interacting composite Higgses. The range (2.3, 2.4, 2.5) is

rather wide. We take the point of view that if Myo < 100 GeV, it will have been detected21
at LEP before our large hadron-hadron collider comes into operation. Let wus assume also
that my < 50 GeV. If th < Myo < 2mw¢ we expect the dominant decay mode of the H° to be
into tt, whereas if Mo > mei or ZmZo we expect the decays into W'W™ and Z°Z° to dominate

(their ratio is 2:1 for Myo >> ZmZO)' Heavy Higgses have a large total decay rate 19:

G mz - 1 G m2 %
p(e) = [ D o Xa)® (58 gy, v a) 4 P (L2 Xa)P (552 gy 0] (2.6)
8m/2 * 1602 °

where Xt,° = 4mﬁi’zo/mﬁo, which means that I'(H®) > Myo aS Myo > 1 TeV. The decay rates of
heavy Higgses are plotted in fig.4: we see how the tt decay mode is overwhelmed when Mo >
mei’ Also shown on fig.4 are lin2s corresponding to T(H°)/mHo = 0.01 and 0.1. We see that
if Mo < 200 GeV it is worthwhile aiming for a 1% resolution in Myos since the natural
width is smaller. However, if Myo > 400 GeV it is not even worthwhile trying to get a mass
resolution of 10%, since the natural width of the H® is Targer. This means that a massive
H° will be more difficult to disentangle from background sources of WWoor z°7°
production, for example from continuum gq > W or z°7° production.

Another important source of background will be 2 simultaneous hard parton-parton
collisions, either with both giving vector bosons, or with one giving a W or z° and the
other giving a dijet pair with mjj ~ 80 or 90 GeV 22. As we will see in section 3, typical
cross-sections for H° production are 0(l)pb, and therefore the rates will not be so
generous that we can afford the Tuxury of working only with leptonic decays of the W and
7°. Moreover, we lose all kinematic constraints when we look at (N+ - 1*v)(w‘ > 17v).
Therefore we will presumably have to try to work with at least one hadronic W* or Zz°
decay, and contend with QCD multijet backgrounds. As we will see in more detail in section
3, looking for heavy neutral Higgses in hadron-hadron collisions will not be very easy.
Although we do not discuss them here, looking for the charged Higgses present in non-

minimal models is probably comparably difficult.

2.3 The Trouble with Higgs

When one calculates loop corrections (fig.5a) to the mass of an elementary Higgs
boson, one finds that they are quadratically divergent:
A

smg d‘*k%—z— « 22 (2.7)
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Some might argue that these divergences are unimportant, because they are renormalizable
and can be compensated by a suitable choice of the bare Higgs mass. However, these
divergences, if not diseases in themselves, seem to be symptoms of a more grievous under-
lying malady of instability in mH% The difference between the Higgs mass divergence (2.7)
and other renormalizable divergences 1is that the others are only logarithmic. The
quadratic form of the divergence (2.7) raises problems of naturalness 24: if the cutoff
A> 0(1) TeV?2 then the corrections 6mﬁ to the Higgs mass squared become larger than its
physical value. On the other hand, logarithmically divergent Toop corrections to other
quantities such as fermion masses are numerically small even if A >> 0(1) TeV. Large
corrections (2.7). to mﬁ seem unnatural to many theorists, who therefore seek models with
some effective cutoff A = 0O(1l) TeV.

Related difficulties arise whenever one tries to construct theories containing two
or more very different mass scales, e.g. m, = My X 0(10°i1) and the Planck mass
mp = 0(10'° ) GeV or the grand unification scale moo> 0(10!'% ) GeV. Hawking and
collaborators 24 claim that elementary Higgs bosons propagating (fig.5b) through the space-
time foam expected in the quantum gravitational vacuum acquire Targe mass shifts:

S mﬁ = O(m;) = 0(10'%eV) (2.8)
Moreover, elementary Higgses propagating through a GUT vacuum acquire 25
&mﬁ = O(m;) > 0(10!3GeV) ? (2.9)

15
from their couplings to GUT Higgses with large vacuum expectation values O(mx) > 0(10
GeV). Even if the large 6mﬁ (2.8, 2.9) are cancelled by some mechanism, radiative
corrections involving transitions to heavy virtual particles with masses O(mx) can upset

25,26

the delicate cancellation in my . For example, Toop corrections in GUT's give

6 mi = 0(a" m2) (2.10)
and some miracle should be found to cancel these loop corrections through 0(a1°m;)! These
examples illustrate the fact that it is difficult to construct theories with two or more
vastly different mass scales, e.g. my <L m, or mp. The heavy scale tends to leak into the
light scale via the Higgs. This is often termed the hierarchy problem: why is
mw/mP=0(10_17) ? One possible solution a to these instability problems is to dissolve
the Higgs by making it a composite scalar bound state of new fermionic constituents called
“technifermions” which have new "technicolour" interactions analogous to QCD, but becoming
strong at a scale

m

M = 0(%) = 0(1 TeV) (2.11)

whereas QCD becomes strong at AC = 0(1 GeV). While it is easy to construct technicolour
models giving masses to the W and Z°, giving masses to quarks and leptons has proved to
be much more difficult. Early prescriptions 27 for solving this problem involved extending
the technicolour model in a way which predicted flavour-changing neutral interactions that
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were too large 28, and light charged spin-zero bosons P* which should have been detected
in experiments at PETRA and PEP 29. Technicolour is therefore out of theoretical favour at
the moment. However, it has never been demonstrated that a phenomenologically acceptable
technicolour model cannot be constructed 30, so we retain technicolour as an interesting
theory to test experimentally and as a yardstick for measuring the potential of a high
energy hadron-hadron collider.

An alternative solution to the instability problems of elementary Higgses is to
protect their masses and cancel out Tlarge Tloop corrections by invoking supersymmetry
(susy). Several miraculous cancellations ocur in susy theories. The quadratic divergences
due to bosons and fermions in fig.5a have positive and negative signs respectively.
Therefore, if one has pairs of bosons and fermions with identical couplings available to
- circulate in the loops, as in a susy theory, one has

omg = 0(a)x |mé - mt | (2.12)

which can be less than the O(ma) required for mﬁ by perturbative unitarity if
|m§ - mF2|i 0(1) TeVv? (2.13)

corresponding to a low effective cutoff: A2 = 0(1) TeV®. A second miracle is the absence
of Targe Aml_zl from propagation through space-time foam in a susy theory. Finally, if the
GUT contribution (2.9) to my is cancelled in a susy theory, no contributions of the form
(2.10) are generated by radiative corrections. This is thanks to certain miraculous
no-renormalization theorems 32 in susy theories which guarantee that many Togarithmic
divergences are absent. Because of these miracles, my is stabilized in a susy theory, and
therefore ™ is also stabilized against the effects of radiative corrections. However,
there is no fundamental understanding of the origin of the weak interaction scale, which
means that the hierarchy problem is not really solved by susy. But at least some technical
progress is made in alleviating the symptoms of the disease.

2.4 Supersymmetric Particles and their Signatures

Cancelling the unwanted loop diagrams required bosons and fermions with identical
couplings and similar masses. These are provided in susy theories which contain particles

in the following supermultiplets 33:

gauge: (1}2) , chiral: (162) (2.14)
Unfortunately, no known particle is the spartner of any other known particle, which

requires a doubling of the elementary spectrum and the invention of many new names as seen
in Table 1.
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Table 1: Supersymmetric Spectrum

particle spin sparticle spin
uark 11 squark g 0, 0
g AR | 222 g 8 ,R ,
lepton 1 11 slepton 7§ 0, 0
P LR| 202 P L,R ,
L~ 1
photon vy 1 photino y 7
. ~ 1
gluon g 1 gluino ¢ 5
+ . ~+ 1
W 1 wino W 7
z° 1 zino  7° %
. t . ~os 1
Higgs H°? 0 |shiggs H®’ 7

The absence 29 of any charged sparticle at PETRA and PEP means that

ma3 mys mWi, mﬁgi 0(20) GeV (2.15)

The absence of a signal in SPS and FNAL beam dump experiments 34 mean that coloured

sparticles must be massive and in particular
me >0(3) GeV (2.16)

with the precise value dependent on the assumed squark mass. Experiments 4 at the CERN pp

35

Collider can be used to argue that

me~ > 0(40) GeV (2.17)
5,9~

There 1is no particle physics bound on colourless neutral sparticles, but cosmology 36

suggests that the lightest sneutral may be the photino, and

) GeV (2.18)

| —

with the precise value dependent on the assumed masses of sleptons and squarks.

The fact that in general particles and sparticles have different masses means that
supersymmetry must be broken, just as mg 7 m. means that flavour SU(3) had to be broken.
It may well be that supersymmetry is broken spontaneously, as we believe to be the case
with electroweak gauge symmetry. The precise mechanism of supersymmetry breaking need not
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concern us here: many models 37

with broken supersymmetry also have the desired miraculous
cancellations. By how much can supersymmetry be broken? or in other words, how heavy could
the unseen sparticles be? In supersymmetric theories the self-couplings of the Higgs
particles are specified to be O(a), and the masses of the Higgs bosons are fixed to be
close to mi and mo- Therefore we expect from equation (2.13) that the sparticles will
have masses below O(mw//a) = 1 TeV, and this is indeed the case in most though not all

models 37.

In most models 37

there is an exactly conserved multiplicative quantum number R = +1
for ordinary particles and R = -1 for sparticles. This means that sparticles can only be
produced in pairs, that their decay products always contain another sparticle, and hence
that the lightest sparticle is absolutely stable. In this case cosmology probably requires
the Tlightest sparticle to be neutral and not strongly interacting, as was assumed in
deriving the limit (2.18). In models where R-parity is conserved the signature of susy is

36

missing energy-momentum carried off by the missing sneutral, probably the photino:

a~q+y, 1>1+5,3~>4dq¥y (2.19)

These are the susy signatures developed most extensively in section 3. However, it is

38

possible to construct models in which R-parity is violated in which case sparticles may

decay into leptons such as the T or the vt

~ V1 N Ve V1 e
R T T S RN G P (2.20)

T v
This alternative is also discussed in section 3.
Sparticle masses are very model-dependent, but typically <0(1) TeV because of the
39
for the
production at high-energy hadron colliders with s = 0(20) TeV of coloured sparticles, g

cancellation argument (2.13). As discussed in more detail in section 3, rates

and g, are large enough for m§,a > 0(1) TeV to be detected. There are no obvious physics
backgrounds to the missing transverse energy signatures provided by the canonical decay
patterns (2.19). While a detailed evaluation of instrumental backgrounds is not included

in our brief 40

, we do not believe that they are very troublesome. Therefore, as we will
see in more detail in section 3, Tooking for heavy sparticles in high energy hadron-hadron

collisions will be relatively easy.

2.5 The Technicolour Alternative

We also study in section 3 what the phenomenology of a realistic technicolour

20,41 might resemble. We assume that a realistic theory contains M a complete new

; D
R,Y,B’
set of strong interactions on a scale ATC = 0(1) TeV (2.11), one expects M a rich

theory
technigeneration of fermions: (U R.Y.B® E, N). Since such a theory has a whole new
spectroscopy of new states with masses in this range:

technip : mpy = 0(1) TeV , technibaryon : mg_ = 0(1) TeV, etc. (2.21)
T
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as illustrated in Table 2. Also shown in Table 2 are the many "low-mass" technipions with
masses << 1 TeV which are anticipated in extended technicolour models which seek to under-
stand quark and lepton masses. As already mentioned, all existing technicolour models are
unsatisfactory, in part because the P* of Table 2 have not been discovered 29, and it may
be that Table 2 is not a reliable guide to technispectroscopy. Nevertheless, it is the
best we have. Of particular interest in high-energy hadron-hadron collisions are the
colour octet states Py, ps etc. One would expect the decay signatures

Py ~tt, P > g + W", ps,ws ~technipions (2.22)
Rates for production of Ps, ps and the technifermion continuum are large at

/s = 0(20) TeV, and the signatures (2.22) are probably detectable as we will see in more
detail in section 3.

Table 2: Technihadron masses

Particle Description Mass
T pe> e.m. neutral <3 GeV ?
e color singlet
c
h p* e.m. charged < 15 GeV ?
n color singlet
i

PLQ Teptoquarks 150 GeV

; color triplet
n Py * | color octet 250 GeV

o1 color singlet v ‘47NTC x 900 GeV
octet
wr color singlet v 4/NTC x 900 GeV
octet
N e.m. neutral 4/NTC x 970 GeV
color singlet
fT,etc color singlet, octet va/Nte X 1500 GeV, etc.
BT technibaryons VNqc/4  x 1500 GeV

The number of technicolours is denoted by NTC'
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3 - Production and Detection of New Particles

3.1 - General Comments on Rates and Distributions

We have seen in section 2 that extant models of gauge symmetry breaking (elementary
Higgs bosons, supersymmetry, technicolour) all firmly expect some new physics in the 1
TeV range. The new particles that these models predict are the main foci of our studies in
this section. Before getting into details, we first make a few general remarks for
orientation purposes.

If the mass of a new particle system x is quite heavy (mX >> 1 GeV), and if its
ratio to the total centre-of-mass energy is not too Tow (mx//g 0(1072)?), its production
cross-section at a hadron-hadron collider can be estimated quite reliably (to within a
factor of a few ?) using the model illustrated in fig.6. The general approximate form of

42

the cross-section is given by the Drell-Yan formula:

o(x) =z [ dt Lop(t) G,p(x) (3.1)
a,

b

where G is the cross-section for a parton-parton subprocess a + b > x, e.g.

2 2 2
4”@ e 4m
5 S S - 282): @= S
qu S oy* T 9m2_ B(3 - 28%): B=V(1 m)—(z)
X

for heavy-lepton pair production via a virtual photon of invariant mass m s and Lab(T) is
the parton-parton luminosity function for ab collisions:

Lyp(T) =] dx, fdxba(xa)b(xb)é(xaxb -1) (3.3)
where

/s xg = Zpa//“ s Xy = 2pb//§ , Vs = Eem (3.4)

The parton fractional momentum distributions a(xa) etc. should be evaluated at some
momentum scale Q = O(mx), evolved from lower scales using the QCD Altarelli-Parisi
equations 43. The formalism (3.1, 3.2, 3.3) predicts correctly to within a factor of 2 the
cross-sections for production of lepton pairs with m > 4 GeV in fixed target experiments
+ ) . ) 1,2 X ‘ i
and m =~ M Or myo in collider experiments . The discrepancies between experiment and
the naive theory (3.1) have the same sign and order of magnitude as the computed higher
order QCD corrections to equation (3.1), though these corrections are 0(1) and difficult

4

to estimate quantitatively. The same formalism (3.1, 3.2, 3.3) is applicable 4 to large

Pr strong interaction cross-sections, and seems to work there also to within a factor of
2. Not all the next-to-leading order QCD contributions to Targe Pr jet production have yet
been calculated.

Generically, one expects subprocess cross-sections to have geometrical values

characteristic of the collisions of point-like particles:

1 0(107*) for electroweak processes
O(m)zﬁzx
X 0(1) for strong processes

—_
w w
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The Drell-Yan subprocess cross-section (3.2) exemplifies the general rule (3.5a). The rule
(3.5b) is an effective upper bound on the possible cross-section for the point-Tike
production of new particles. It tells us that even though a very high energy hadron-hadron
collider offers in principle the possibility of parton-parton collisions at m up to /s,
in practice the collision rates will be bounded above by the Tuminosity functions Lab(r)
(3.3), which are known to fall monotonically with increasing t. The precise forms of all
the parton-parton luminosity functions are not well determined in fixed target experiments
at @ < 0(100) GeV%. For example, it is difficult to measure parton distributions at x
0(10 'E), and gluon distributions may only be determined indirectly in lepton-hadron
collisions, with the result that their shapes are strongly correlated with the fitted
value of the QCD scale parameter A. However, these uncertainties tend to wash out at very
large £ and m s although it is always difficult to make reliable predictions for parton
distributions at x < 0(1072). Even if one knew precisely the low energy input structure
functions, the 1oga;ithm1c QCD extrapolation to higher energies 1is more uncertain here
than at larger values of x. Shown in fig.7 are some of the effective parton- parton

Tuminosity functions that we use in our cross-section calculations. They are obtained 45

from CDHS structure functions 46

evolved up to the appropriate energies using the
Altarelli-Parisi equations 43. Comparisons with other calculations 47 lead us to believe
that our parton-parton luminosities are not likely to mislead by more that a factor of 2
for x > 0(10°2), which is in any case within the inevitable range of uncertainty due to
higher order corrections. We see from fig.7 that because of the general rules (3.5), one
is unlikely to have observable cross-sections for new strongly interacting particles which
weigh more than a few TeV, even if the available centre-of-mass energy is an order of
magnitude higher.

When comparing machines with different centre-of-mass energies but the same hadron-
hadron luminosity, the geometrical factors of l/m; (3.5) imply that any given parton-
parton subprocess has an observably large cross-section only up to values of 7 which
decrease as /s increases. One must compensate for the Tlower values ofG by going to lower
values of 1 where L(t) is larger (fig.7). This effect is seen in fig.8, where we have
plotted the luminosity (3.3) multiplied by the geometric factor l/m; (3.5). The horizontal
axis is taken to be m s the vertical axis has the dimensions of a cross-section, and we
have included horizontal lines corresponding to plausible Timits of observability for

2sec”!. The curves

hadron-hadron colliders with liminosities in the range 10 °? to 10%°cm™’sec
plotted are for gg and uu Tuminosities in pp and pp collisions at /s = 10, 20 and 40 TeV.
As a rule of thumb in the region of interest, the effective range of m, in which one

can probe for new physics increases like

o« (523 (3.6)

It is easy to see from fig.7 how one loses physics reach at fixed Vs if one decreases the
available hadron-hadron Tuminosity L. As a rule of thumb in the region of interest, the
effective range of m, in which one can probe for new physics decreases like

0(0-2)

m « L (3.7)

1l
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The first rule (3.6) must be borne in mind when considering possible values of /s (10, 20
or 40 TeV?), and the second rule (3.7) must be borne in mind when considering the relative
merits of pp and pp colliders.

It seems likely that pp colliders will be limited to luminosities at Teast one order
of magnitude smaller than pp colliders, say 10°2cm 2sec™ for pp rather than 10 *’cm~?sec™
for pp. Comparing figs.8a and 8b, one then sees that the physics reaches for producing
strongly interacting particles by uu collisions, as indicated by the horizontal "Timits of
observability" lines, are very similar for pp and pp colliders having the same /'s. The
assumed factor of 10 advantage in hadron-hadron luminosity of a pp machine is essentially
cancelled by the pp advantage in parton-parton luminosity at large values of t: compare
the dotted horizontal line in fig.8a with the dashed horizontal line in fig.8b. On the
other hand, it is clear from fig.8c that one loses physics reach for particle production
by gg collisions if one decreases the hadron-hadron Tuminosity by a factor 10, as expected
when comparing pp and pp collisions. Moreover, the pp advantage in hadron-hadron
luminosity is also significant when considering a electroweak production mechanism. In
such a case the subprocess cross-section ¢ (3.5a) is likely to be 0(107*) of a strong
cross-section at the same invariant mass. This means that the "limit of observability"
occurs at a much lower value of T, where the difference between the uu parton-parton lumi-
nosities in pp and pp collisions is much less significant. Thus pp colliders with a
hadron-hadron Tuminosity of 10°2cm™?sec™! generally give more events than pp colliders of
the same /5 with a hadron-hadron luminosity of 10%2cm 2sec™, with the limited exception
of the production of very high mass strongly interacting particles via uu collisions. 1In
most of the range of interest, luminosity functions in pp and pp collisions do not differ
by more than a factor of 2, which therefore accords no great physics advantage to pp col-
lisions. Indeed, the differences between the pp and pp  cross-sections are typically
smaller than the 1likely theoretical errors in estimating the absolute values of these
cross-sections. Nevertheless, in what follows we always state whether a given cross-
section is calculated for a pp or a pp collider.

Heavier particles which are produced with smaller cross-sections closer to the limit
of observability are produced predominantly centrally, with rapidity |y | = 0(1). For
examp1e Higgses of 200 GeV produced in association with a tt pair (see section 3.2) have
<y2>2 = 1-1, while the q and q jets coming from pair-production of gluons weighing 1 TeV
(see section 3.3) have <y2>2 = 1-2. By contrast, particles of smaller mass, which are
generally produced with larger cross-sections, generally tend to be produced closer to the
beam directions. For example, it has been estimated 49 that at /s = 40 TeV W* are produced
in the rapidity range |y| < 0(5), with 2/3 going within 5° of the beam-pipes (fig.9).
These are specific examples of an analogy between production angles and the depths of
sedimentary strata in which archeologists search for ancient artefacts, illustrated in
fig.10. At any given accelerator, the new physics of the day tends to be produced at large
angles, while yesterday's physics is produced closer to the beams, and Tast week's physics
passes down the beam pipes. At present, today's new physics is the wi Z° and hadron jets
with P = 0(100) GeV, all of which are currently produced at large angles. However, at the
LHC the w and Z° will be swept forward and backward in the centre-of-mass, as we have
seen. We hope they will be replaced at large angles by gluinos or Higgses or?
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In addition to the single-subprocess hard scattering cross-sections given by (3.1),
there can also be events featuring two hard parton-parton collisions 22 in parallel, as
illustrated in fig.1l. As we will see later in Section 3, some of such multiple hard
collisions could provide significant backgrounds to new particle searches. To estimate
these double cross-sections, one needs two-parton distributions

X ) (3.8)

which are not known 1in general, although some model distributions have been proposed 50.

The double distributions (3.8) do not in general factorize, but model studies 22 indicate
that factorization gives an approximation to the double subprocess total cross-section
which may be correct to within a factor of order 2, if one is considering processes
initiated by partons with low values of x. In what follows we therefore estimate these

double subprocess cross-sections by

o(xis xp) = (Laly (@lxaly g

_ (3.9)
Otot = Otot = tOt

where Oiot is the total pp cross-section ~ 100 mb.

3.2 - Higgs production and signatures

We consider several mechanism for Higgs production at hadron colliders in sections
3.2.1 to 3.2.5, as well as several sources of physics background in section 3.2.6.

3.2.1 - gg > H

This reaction proceeds via virtual quark diagrams as shown in fig.12. The total

cross-section is

2
9g+H =~ 64 7 T dy :
h N = N _:
where Zq q
N = 3[2 ax - 1)f(r) ] 3.11a
q 3[ Xq + Aq( Aq ) ( q) ( )
s 2
with -2 (sin'1—§%x—) for x> %
A =m?/m?, f(r) = q 4
q = "g/™ T N : (3.11b)
?Jog(%:) - E?—+inlog(%:0 for o <7
and
+ _ 1 1
n = 7 tE‘A (311C)

Total cross-sections (no rapidity cuts) are shown in fig.13 for /s = 10, 20, 40 TeV,

my = 35, 70 or 100 GeV and a range of Higgs masses between 200 GeV and 1 TeV.
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The cross-sections can only be estimated approximately when m, 0(200) GeV. The cross-
sections depend sensitively on the assumed masses of the quarks propagating round the
loops, with

N = O(ma/mﬁ Tn (ma/mﬁ)) as mq/mH >0
(3.12)
> 1 as mq/mH >

We have only included one heavy quark in calculating fig.13, which we take to be the t
quark, though there could be important contributions from representatives of a fourth
generation. In fig.13 we have taken m, = 35, 70 and 100 GeV: the cross-sections increase
rapidly with m, as long as my <L My quantitatively as one expects from equation (3.12),
although the analytic form 3.12 is not a good approximation throughout the interesting
range of m, . Even if the t quark were soon found to have a mass 0(35) GeV, the
cross-section for gg -~ H could be substantially increased if there is a fourth generation.
The rapidity distribution of the Higgs decay products is shown in fig.14 for different
values of my- - We see that, as expected, the rapidity distribution is more central for
larger My The Higgs will decay isotropically in into centre-of-mass frame, predominantly
into tt if 2mt < my < 2mw, and into WwtW™ or z°z° for mH> 2mw. Possible backgrounds are
considered in section 3.2.5.

3.2.2 -qq *H,g+qg~>q+H

It is necessary to distinguish two contributions of this sort to Higgs production:
via the annihilation of light quarks which are copions inside nucleous, and via heavy
quarks which are rare. The coupling (2-1) of the standard model Higgs to ligh quarks is so
small o mqi mu’dzl() eV, mszZOOMeV) that they make a negligible contribution to Higgs
production . The dominant perturbative QCD contribution to Higgs production via heavy
quarks is 1likely to be that discussed in the next subsection. However, it is a priori
possible that there might be an important nonperturbative contribution due to an
"intrinsic" component of heavy quarks in the proton. The existence of such an intrinsic
heavy quark component has been proposed 52 in connection with the diffractive production
of charm, and similar diffractive production of the t quark, due to "intrinsic top" in the
proton, is now being looked for at the CERN pp Collider. The existence of an "intrinsic"

54

charm component at the proposed 52 level does not 53 conflict with EMC data on dimuon

production. Production of light Higgs at Tower energies via intrinsic charm has already
been considered 55. It is easy to scale the cross-sections found there up to higher is

using the t quark - Higgs coupling amy instead of o m.:

2
col, / dol . = 0(%%) ) ( Vsle 7 /sle)? (3.13a)

t

for similar values of mH//E and of the kinematic variables such as the rapidity y. In
deriving the ratio (3.13) we have assumed similar distributions for intrinsic charm and
intrinsic top, but scaled 52 by O(l/ma) in each of the two colliding nucleons. Using
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equation (3.13) to compare H production at a collider with Vs = 10 to 20 TeV with lighter
Higgs production at /s = 10 to 20 GeV, we find a suppression factor of order 107°. Since
previously quoted cross-sections for low /s collisions were at most 0(10 3% cm?) this
suggests that intrinsic tt annihilation would not make a significant contribution to H
production at the colliders of interest to us here.

Potentially more interesting might be bremsstrahluny of Higgs from an “intrinsic"
heavy quark struck by a gluon: e.g. g + t> H + t 56. Assuming intrinsic distributions
independent of mq apart from an overall normalization factor 0(1/mé), this cross-section

scales as
2

Mc
do| /dol = 0(ﬁ§fq (3.13b)
for similar values of vy, mq/mH and mH//E. Scaling from my = 10 GeV, Vs = 800 GeV and m. =
1-5 GeV to my = 250 GeV, Vs = 20 TeV and me 38 GeV, the low-energy calculations of
ref.56 yield an estimate of 107° pb. While giving a cross-section considerably larger than
the Tt annihilation mechanism estimated previously, this g+ t>H + t mechanism does not
seem to be competitive in terms of rate and event signature with other mechanisms. There-
fore we have not studied it further.

3.2.3 - qq or gg > ttH

The underlying mechanism in these reactions is Higgs bremsstrahlung from a heavy
quark as in fig.15. The subprocess cross-section for qq » ttH is known57 in analytic form:

ol gemy d'kg d'ke d’kn

6(aq > -ftH) = W-{W{ _ZI(—%— J‘Wt Gq(pqﬂ)a-kt-kf-k )| M ]2 (3.143)
where
(4m3 - m) (p, + pg)?
|M12 = T2k -k—m :)S%ZK KoAmy) {(pq’rpq)z((pqma)'p )2[1+m Fk +m‘)(gk .kg,_mz) ]
h "t H h "t H h "t H h "t H
(3.14b)

Pg kt):l

k 2_ 2 2
2pqtp) “nléme-mh)y (Pgreq) . 2(kyPg) (P

W . Z
(Zkh kf+mH)

+ (kt++ kf) - ((pq+pa)2+mﬁ-4m%) [2(kt-p

2,02 _Am2
+ [((pq+pa) my 4mt) +

) (kg pg) #2(k+pg) (kP = (pg+pg) (kg k) 1}

q q q q

The evaluation of gg -~ TtH involves the interferences between several different diagrams
obtained by permuting the external gluons and coupling the H to the different internal and
external t quark lines. No complete analytic calculation is available, but we have used
the outputs of 2 different algebraic programs 57,58 for the trace calculation. Results for
me = 35 GeV and different choices of m and Vs are shown in fig.16. We have not been able
to confirm the large cross-sections or the shapes of the Higgs rapidity distributions
reported in ref.57. Some final state distributions for a representative my = 200 GeV and
/s = 20 TeV are shown in fig.17. Fig.17a gives the rapidity distribution of the Higgs, and
fig.17b that of the accompanying t (or t) quark. Fig.17c shows the Pr distribution of the

Higgs, while fig.17d shows that of the accompanying t (or t) quark. Finally, fig.17e show
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the distribution in invariant mass of the spectator (tt) system. We see that the Higgs is
produced quite centrally, as previously advertized, and with an average Pr = 0(100) GeV.
The additional event signature of a spectator (tt) pair in the final state may be used to
reduce the backgrounds below those encountered in gg H production.

3.2.4 - wW > H

This process 59 is an electroweak analogue of Yy scattering in ete” annihilation, as
seen in fig.18. The subprocess cross-sections for ud > duH, uu - uuH, dd —=>ddH, ud— udH

and analogous processes involving strange quarks are all identical: the matrix elements
squared are

| 17 = 6ag [ Ci(pip2)(piph) + Copip?)(phpe) (3.15a)
(@*-m)* (a2-mp?

In the expression (3.14b)

Gyyy = 9 ° My for WW~> H
m; (3.15b)
g- cosew for ZZ~ H
and
Ci=9/9 * dagp?®» C2 = gfgp’+ gpg;” (3.15¢)
where ,
9 R %(9 ¥ 9p) (3.15d)
with

9 = "% = 787- for W'

% = Tosq, (%T3L - 0 sin’g) (3.15e)
for Z°
g 1
9n =~ cosq (7T

An approximate form for the subprocess cross-section (3.14a), integrating after all the
final state variables, is:

; .
5(qq + qgH via WW) = 16},6mw (Siﬁ‘éew) 109(52—) (3.16)

The total cross-section for WW = H in pp collisions is shown in fig.19 for interesting
ranges of my and v/s. We see that the cross-sections are larger than those for gg > H when
m > 0(500) GeV. Unfortunately, when it is so heavy the Higgs is so wide that it may be
difficult to pick out from the WW or Z°Z° continuum. The vector boson poles in (3.14a)
tend to give sharp forward-backward peaking for the final state g (or q) and a flat
rapidity distribution for the Higgs (hence the Togarithm in equation (3.16). It is
possible to compute 60 analytically from equations (3.15) the form of the Higgs

distribution in the centre-of-mass frame of the parton-parton subprocess. It exhibits
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strong forward-backward peaking when s > mﬁ:

d25 4C a3 2 13 6
5 - vH (g__ 25 (3.17)

reflecting the kinematical similarity of this process to yy scattering. The rapidity
distribution 60 of the Higgs in the parton-parton subprocess centre-of-mass is shown in
fig.20. Because of the peaking (3.17) the scattered guarks or antiquarks in the final
state do not get out to large enough Pr to provide a distinctive signature, such as was
provided by the (tt) pair in the previous reaction.

3.2.5 - qq > W’ > W+ H

The diagram for this subprocess is shown in fig.21. The subprocess cross-section for

qq ~ (W¥or 7°%) > (W or Z°) + H is 19,61
GouH 9y * GA P R
_ vV v -V_ Vv
O T2 (Bm) g (1+ ﬁg) (3.18a)

where IyvH® v and gy were introduced in (3.15), and Py is the final state momentum of the

H in the subprocess centre-of-mass:

1
A2 L b A2 A 22 -

] (s +mv+mH-25mV-25mH-2meH) 2 (3.18b)
pV 2 v';

The total cross-section for these processes is not very large, falling below the Timit(?)
of observability of 1/10 pb for my = 0(200 to 400) GeV, as seen in fig.22. This process
has the distinctive final state event signature of 3 intermediate vector bosons if mH>2mw.
Unfortunately, the fall-off of the cross-section curves in fig.22 means the total cross-
section is probably unolservably small in the region of large my (>400 GeV) where its
natural width is too large for it to appear as a sharp resonance above the WW continuum.

3.2.6 - Observability

As stated in section 2, we assume that any Higgs with mass less than about 100 GeV

will have been detected by LEP 21

operation. A compilation of cross-sections for heavy Higgs production in pp collisions at

/s = 20 TeV is shown in fig.23. Cross-sections for 100 GeV < my < 200 GeV are tricky to
estimate because there we get into regions of /T = /Q:Xzi 0(1072) where we no longer have

before this Tlarge hadron-hadron collider starts

great confidence in the perturbative QCD extrapolation of the presently known parton
distributions and the subprocess luminosity functions of fig.7. If 100 GeV < m, < 2mw, we
presume the dominant decay mode is H > Tt. In this mass range , the largest production
cross-section is that for gg > H, but in this case the absence of any other final state
event signature leaves us prey to the relatively large gg or qq » tt background shown in
fig.24. If one assumes a plausible (?) mass resolution for (tt) pairs of order 10%, the
(tt) background overwhelms the H signal. One could hope that the situation would be better
if one looks for processes with final state event signatures such as gg or qq » Htt or
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qq » W+H. For the HTt case we have estimated the background in two different ways. One

58 of the 2 to 4 subprocesses giving tttt final states.

uses a perturbative QCD calculation
The cross-section for this raction is estimated to be very large (fig.25) and overwhelms
the tt+(H -~ tt) signal. We have tried unsuccessfully to get out the signal by implementing
cuts on pT(H) or pT(t) or m(tt). Unfortunately, the final state distributions for (tttt)
production shown in fig.26 are very similar to those for (tT+H) production in fig.17. The
background from the double-subprocess mechanism (gg or 9q ~ tt)(gg or qg » tt) estimated
using the Ansatz (3.9) is much smaller than that due to the 2 to 4 subprocess (see Table
3) and would by itself be menageable. Turning to the process qq > W+(H > tt), the
backgrounds come from 2 to 3 reactions qq ~ Wtt and from the double-subprocess reaction
(qq »W)(gg or qq » tt). A recent calculation 58 0f the cross-section for ud » WH+tt indi-
cates that it is not uncontrollably larger than that for udowxt > WTHH.L Taking /5=400GeV,
my = 80 GeV and m, = 120 GeV one has §(ud - W+H) ~ 7 x 107 pb, whereas the total
subprocess cross-section for ud - WHiTt is 6(ud » W+tt) ~ 1-3 pb. However, if one assumes
a 10% resolution so that one can take the background in a bin of width am(tt) =+ 5% of
m(Tt) ~ 120 GeV, one only has to contend with Ac = do/dm(tt) x am(Tt) ~ 7-5 x 1072 pb.
This ratio of signal tophysics background G(W+H) /0 (WHEt) =~ 1 to 1 does not vary
strongly with either § or My The background from the double-subprocess reaction (qg> W)

(gg or qq ~ tt) seems to be manageably small, as seen in Table. 3.

Table 3: Double-subprocess backgrounds to Higgs searches at /s = 20 GeV

Process ciggg?lection (pb) Backgro;ggcess Bﬁiggg?gggtion (pb)
Tt (HEt) Hogey 3-6 (gg or qg>tt)(gg or qg-tt) 2-5
W+(H+ft)IZOGeV 0(10) (qg~W)(gg or qg-tt) 1-5
99> (HWW) 50066y 0(10) (qa-W) (qg-W) 0-9
W= (H-WW) 4 5960y 1 (qq>W) (9q>W) 0-9
Tt (W) 006y 1 (Gq-W) (gg or qg-Et) 1-5 x 107°
W (HAWH) 50000y 3 (qq-WH) (qg->W) 9 x 107"
W (HHW) 0066y 3 (qg-W) (ag-W) (ag-W) 3x 107°
If 2mw <my < 400 GeV the dominant decays of the Higgs are into whe™ or z°z°.

4

Now the dominant physics backgrounds come from qq - wrW™ or z°2°, and from the double
process (qq - Wt or 2°)(qq ~ W or 7%). The total cross-section®? for g ~ W™ and

7°7° are shown in fig. 27 as functions of /s. We see from the Table that these are much
larger than the double-subprocess cross-section estimated using the Ansatz (3.9), and
therefore we have concentrated on the qq ~ wha” background to an H search. The encouraging
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feature of this background is that it falls very rapidly with increasing m(w"w'), as seen
in fig.28: this means that the background is smaller for heavier Higgses m>> 2mw. Another
encouraging feature 1is that the intermediate boson pairs have final state angular
distributions 2 Which are sharply peaked forward and backward, as seen in fig.29. In
contrast, Higgses decay isotropically in their centre-of-mass, which yields a Jacobian
peak in the Pr of the final state Ni or Z°. The ratios between the qq> WW™ or Z°Z° cross-
sections of fig.27 and the gg~> H cross-section shown in fig.13 are so large that we do
not expect gg > H to be observable, except possibly if one optimizes cuts on the final
ctate W and Z° distributions. It is possible to enhence the signal to background ratios
by a factor 3(5)(7)(8) for m, = 4(6)(8)(10) My by selecting events where WW pair emerge
within 90° + 30° in their centre-of-mass. We are more optimistic if one Tlooks for the
reactions gg or qq - Htt or qg> V+H. In both cases the double-subprocess backgrounds from
(qq7VV)(gg or qg-tt) or (qq-V)(qq VV) are smaller than the signal, as seen in Table 3.
while the total rates for Htt or V+H production are quite small, they may offer the best
modes for H detection in this mass range.

If my > 400 GeV the dominant Higgs cross-section is WW - H and the dominant
background is (qq ~VV). The (G~ V) (qg~> V) background 1is concentrated at small Pr << My
and so cannot be confused with massive H decay which produces vector bosons V with pT>>mw.
Simply looking at the VV invariant mass distribution will not be enough, because such a
heavy Higgs is a wide resonance (fig.4). However, the angular distributions of the vector
boson pairs in their centre-of-mass are completely different: jsotropic in the s-wave H VV
decay but sharply peaked in gqq-VV. Therefore it may be possible to detect such a heavy
Higgs by looking for deviations from the peaked angular distributions shown in fig.29.

Since in looking for my 5 200 GeV we have to battle with Tow rates, it will be
important to be able to detect a large fraction of H decays. This means being able to
detect a large fraction of W¥ and Z° decays. In particular, when looking at wrW™ and z°7°
pairs, one should be able to detect at least one vector boson by its hadronic decays. The
rates will be too low if one can only use Teptonic W1v or Z° >1717 decays and the final
states may be insufficiently constrained, if one must contend with the two missing
neutrinos from 2w 1v decays. It fis clear that there will be large backgrounds to the
hadronic decay modes from QCD jet production 10. We have not evaluated them because they
are very detector-dependent, and we have prefered to concentrate on backgrounds due to
readily quantifiable physics processes. 1t may be that one can obtain better jet energy
resolution and hence dijet mass resolution for heavier Higgses which decay into W's and
hence jets with larger pq: also the QCD background will be smaller at larger pg. Our
preliminary analysis already makes it clear that looking for Higgses at a high-energy
hadron-hadron collider will not be easy. However, there may be hope for detecting Higgses
by looking for V+H final states if m, < 400 GeV, (H Vv) + tt if 200 GeV < my < 400 Gev,
and wide angle (H»VV) final states if m, > 400 GeV.
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3.3 - Supersymmetric Particles

We concentrate on the production of strongly interacting supersymmetric particles,
namely squarks ¢ and gluinos §, since they have the largest cross-sections (3.5) for a
given mass, and seem likely to make the largest possible mass range accessible for any
given cross-section sensitivity.

3.3.1 - gluino pairs

The dominant perturbative QCD mechanism for "gg production is likely to be gg
fusion, followed by qq annihilation. The subproces cross-section for gg -~ gg is

2 2 . 2 2. .2 2
9na2(2(m§-t)(m§-u) (mg-t)mg-i)-2mg(mg+t)
s + 3 7 +

—g% (99 -99) = == &’ (m* - t) (=)
s 2,4 .2 2 29.. 2 . (3.19)
(5-4mg)  (why-t)(my-0) g (3-T) _
M-t (-0) S(me-t) e (b))
(rig~t) (g 9
while that for qq » gg is 39
d‘ — 8”&.2 4 r"%_t 2 4 mg'-- 2 3 ) 2 R 2 R
@ BT =ge 13 () + 3 () + 7 [ng- Dy (m-0)+2nts
q q , (3.20)
[(n@:t); mys ] 3[(m§;a) L I g8 }
s(my - B) s(mg - @) 3 (mq-t)(mza-ﬂ)

The total cross-section for gg production is only weakly sensitive to ma, as long as
ma > m§ (see fig.30) and m§ < 1 TeV. In what follows we generally present cross-sections
calculated with ma = mg. We see immediately from fig.24 that the total cross-section

for Eﬁ'productioh is larger than 1/10 pb for

< 1 Tev /s = 10 TeV
mg < 1.6 TeV /s = 20 TeV (3.21)
< 2.4 TeV /s = 40 TeV

This confirms our general observation (3.6) that the accessible range of new particle
masses increases roughly as /s* . The results (3.21) mean that any collider with /s < 10TeV
can probe all the expected (2.13) range of gluino masses: the next step is to figure out
the signatures for Eﬁ’production.

As we mentioned in section 2, we expect § > qa? decays to dominate. Another
possibility is § - gy via quark and squark Tloops 63, but this is expected to be a

relatively unimportant decay mode:
2

L (mé - mg )
UMQJ:?P‘_E_TR—;L— « 1 (3.22)
r(gqa) 4n (maL+maR) .

37

The presence in the final state of two photinos ?, which are expected in many models
to have masses much less thant ma, typically
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my _ 8a

means that one expects a large missing transverse energy-momentum signature:

miss

= 0(0.4m 3.24
o7 (0.4m) (3.24)
Fig. 31 shows the missing Pr for different values of m:. We see that the expectation
(3.24) is borne out. A typica]lcalorimetric experiment such as UAl has a resolution 64 in
Pr which is proportional to ETE:

o= Apg=0.7 /ET (3.25)

Present collider extend up to ET = 0(200) GeV, and events are selected 4 as having a
"interesting" missing p; signature if p?1ss > 40. We apply a similar cut to our sparticle
production cross-sections, where ET is computed from the "visible" q and q jet decay
products.

We see from fig.32 that the total §g cross-section is not greatly reduced by such a
cut if nb > 0(100) GeV. We in any case expect the gluino to have been discovered before

the start-up of a Large Hadron Collider if m,<j < 0(100) GeV. The p$1ss

> 4g cut has a
negligible effect on the total §g cross-section for large m§ = 0(1) TeV, close to the
1imit of cross-section sensitivity.

We have computed the final state distributions for the final state jets coming from
g»qqy decay. Their rapidity distribution is shown in fig.33: it is central with <y2>%=1.1,
in accord with our general expectations (fig.10). Even the smallest of the 4 jets coming
from §g production has sizeable Py fig.34 shows the distribution in Pr of the minimum Pr

jet. We find

<p$1" Jets . 140 Gev  for my = 1 TeV (3.26)
Since most of the gluino pairs are produced quite centrally, and decay quite isotro-
pically, we expect large angular separations Aa between the different g and q jets.
Indeed we find

<po> ~ 1.6 radians for mg 1 TeV (3.27)

Since the angular resolution for jets at these energies is expected to be a few degrees,
there should be no difficulty in distinguishing the 4 final state Jjets.
Thus Gg final states should be quite distinctive: 4 widely separated final state

jets, each with <p> 2 0(100) GeV, and large p$1ss.
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3.3.2 - Squark pairs

The dominant mechanism for'aa pair production are again gg fusion and qq annihilation.
The total subprocess cross-section for gg~ qq is

2 2 2 2
_ NxTQ m& g, My -
~= Mg s 31 13379 Tgy Mg, L
S(graa) =S — [Ggg+16 3 )6+ (03 )5 I ()] (3.28)
where
£ = /1-4m%/s, and Na is the number of squark flavours available,
while the differential cross-section that for qq - ~T-q-is 39
dd 20 2
g — ~ TS -
ot (99°8a) = —={ ZEZTEE?'[S(m%-t)-(m%'t)
g
2 1 [ (m%-t)(ﬁ—t)+§(m%+t)] (3.29)
BT q q
S(m.-t)
g
N
+ =9 [5(3-4m2)-(0-1)2] )
s
if the q and ‘q have the same flavours, and 39
2
do , ' = 4T% 1 .
a% (ag ~ 49 ) = —ggif THE:EY—[ S(m%‘t)”(m%’t)z]} (3.30)
g

if they have different flavours. In most models the different flavours of § have almost

the same mass. Therefore, in what follows we have added together all the cross-sections

for different flavours of ﬁa production. We see from fig.35 that the total cross-section

for EE production is quite sensitive to the gluino mass. If we assume conservatively that

m >> ma, then we see from fig.35 that the total cross-section for ﬁa'production is larger
1/10 pb for

900 GeV Vs = 10 TeV
< 1.4 TeV /s = 20 TeV (3.31)
2 TeV /s =40 TeV

in accord with the rule of thumb (3.6). Again we see from the results (3.31) that any
collider withv's > 10 TeV can explore essentially all the expected (2.13) range of squark
masses.

If ma < ma, we expect the dominant decay mode of the q to be q + q:

T(grq+q) 4 s 1,2
e “3a G (3.32

q

Q

In this case we would expect the g to decay subsequently into qqy, and the p$1ss

ure to be somewhat diluted by comparison with that (3.24) for gluinos:

signat-

<p$135> = 0(0.3mg) (3.33)
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Fig.36a shows the missing Pr distribution for different combinations of g and g masses.

We see that the expectation (3.33) is indeed borne out, and that the p$1ss

> 4o cut ment-
ioned earlier has a negligible effect on the interesting cross-section for large ma
(fig.37a). The final state missing Py signature would be even more dramatic if m§ > ma,
so that § ~q + ¥ decays dominate (fig.36b, 37b). In this case we would expect

miss

<1585 < o(Fmy) (3.34)

q
as seen in fig.36b.

In the case of §~ q + §, > q + g + y decay we would expect 6 final state jets. The
rapidity distribution for these jets in the case ma =1 TeV, mg = 700 GeV is shown 1in
fig.38. We find that

1
<y?>; = 1.2 (3.35)

in accord with the expectation of fig.10. The Py of each jet is of course somewhat
smaller than was the case in direct g production. Fig.39 shows the Pr distribution for
the minimum Pr jet, which has

<p$1" Jets 90 Gev (3.36)

in the case ma = 1 TeV, ma = 700 GeV. This should nevertheless be large enough to be
detectable. As expected, the angular separation Ao between the pairs of jets in'g> g + d,
¢ q+q+ Y decay is somewhat smaller

m- =1 TeV

Ao = 1.4 radians for 9 (3.37)
ma 700 GeV

than was the case (3.27) for direct g production and decay. The angular separation (3.37)
is nevertheless large enough for all 6 final state jets to be separated, providing a
distinctive event signature. In the cas mg > md«so that § »q +vy decay dominates, we
expect the final state missing pp to be larger than in G» q + § (see fig.36b). There will
be 2 jet final states,for m~ = 1 TeV. The average Pr and angular separations of these two
jets will surely be sufficient for them to be detected and separated easily.

Thus we expect ﬁa production to produce distinctive 6 or 2-jet final states with
large missing Pr- In addition, we note that a large fraction of the q produced will have
heavy flavours (&, B or ), providing an additional final state event signature: c or b
or £ > (corbort)+ (gory).
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3.3.3 - Sparticles in the proton

In addition to the perturbative QCD sparticle production by gg or qq collisions that
we have discussed so far, there are other possible sources of sparticles in hadron-hadron
collisions. In particular, it is possible that protons may already appear to contain
sparticles when they are observed on a sufficiently high momentum scale. As was already
component may either be generated

discussed 1in connection with heavy quarks, this

perturbatively (flavour excitation) or may be present nonperturbatively (intrinsic).

Calculations have been made of the perturbative generation of a sparticle content in
the proton. They indicate that at infinite Qz the momentum of the proton is shaved out in

the following way between quarks, gluons, squarks and gluinos:

Table 4: Asymptotic perturbative sparticle momentum fractions in the proton

Pure QCD QD + g QCD + q QD + g + q
T 3N 3N 3N
g+9| —3 (0.53) | —3% (0.47) | —L (0.39) | —3 (0.36)
16+3N 20+3N 16+5N 20+5N
q q q q
16 16 16 16
9 | 1o (047 | zoean (0-42) | 1gey (0-35) | ogpsy (0-32)
q q q q
4 4
9 — zoean (0-11) - zovsw (0-08)
q q
~ 2N 2N
o - _ "9 (0.26 _-q
4a*q 16+5N, (0.26) 20+5N (0.24)

the total number of quark flavours is denoted by Nq, the figures in parentheses are the
fractions obtained if Nq = 6. The perturbative QCD sparticles start from 0 at Q? <
in Table 4.

with initial state sparticles (e.g. § + g >g + g) are of the same order

m2, m2, smaller at finite G2 than the values Since

q 9
cross-sections 66

and are always

of magnitude as sparticle production cross-sections in collisions of normal partons (e.qg.
g+g > g+g), we do not expect the production of heavy final state sparticles from initial
perturbative sparticles in the proton to exceed the cross-sections we have presented in
previous subsections. Indeed, since the initial sparticle distributions are small (i.e.
O(a)) at Q? = O(mé% m%), we expect the dominant contributions to heavy sparticle
production to come from normal parton collisions: gg or qg+ §g or qq. However, (g or @) +
(g orq) > (gorq)+ (gor q) subprocesses have interesting event signatures: one
sparticle at Targe PT and the other in one of the beam fragmentation regions. This type of
reaction may, however, be interesting if ma or ma is just above the Timit from present-
day accelerators say ma or ma < 100 GeV.

It is possible that there may be a large nonperturbative intrinsic sparticle

52

component in the proton, just as has been postulated for charm and heavier quarks.

67

This picture may be either confirmed or refuted by searches for diffractive t quark
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production at the CERN pp Collider. In the absence of any better experimental gquide, we
52

assume the form of diffractive cross-section postulated by theorists:
o(2, V5) = —= £ (m,//5) (3.38)
m3 ‘

We assume a universal scaling function f for heavy quarks, squarks and gluinos. Then we
can scale up from m. = 1.5 GeV,/ s(ISR) = 60 GeV,o (mc, 60 GeV) = 100 pb to deduce

o (mg or mg = 1 7ev, /5 = 20 Tev)= 0(1)nb (3.39)

. R . - (-n>
Even if this is a grotesque overestimate - perhaps cross-sections scale as m7n=3)

instead
of n = 2 in equation (3.38)? - it suggests that there may be observable diffractive
cross-sections for the production of sparticle pairs weighing up to 0(1) TeV.

The signature for such events would be two sparticles moving forward in one
hemisphere, while the other hemisphere is quiet. It has been proposed 68 that one may
estimate the t quark mass from diffractively produced T = (tq) meson decays into b§4p++ \
final states by computing the minimum transverse mass (or cluster transverse mass)

. . o, bl
mr =[ méis + 2p$1ss + 2p$1ss (mjis + p?lss ERE (3.40)
which is theoretically expected to be sharply peaked at & = m*/rnt =~ 1. In the case of
heavy quarks, one might expect the meson to have a smaller mean Xp = E/Ebeam’ and thereby
avoid any misidentification of meson and baryon decay products. The same might also be
true for § hadrons: perhaps xF(dhq) > xF(EQ)? but it might be that both gluino hadrons
would have similar values of X - In this case, if one seeks to estimate mglby looking for
a peak in g = m*/mg, where m* is computed from a pair of observed jets deemed to come
from § - qq¥ decay, one must contend with a combinatorial background due to the misidenti-
fication of which jets come from the decay of which gluino hadron. However, as seen in
fig.40, this may not be an overwhelming background 69, and one should still be able to
see a nice peak in m* and thereby estimate mgdin diffractive events. Looking for evidence
of diffractive squark production would be even easier if 9> g + Yy decays dominate. In
this case there would be a Jacobian peak in the observed jet P in diffractive events

with large missing Pt

3.3.4 - Observability

It is difficult to think of large physics backgrounds to the missing Pr signature

of susy. Present-day collider data 3,4

are already encouraging, in that it has been
possible to extract a sample of events with significant missing Pr which have a cross-
section no larger that that for pp>W + X, W~1lv, and are not overwhelmed by backgrounds
due to physics or instrumental effects. As mentioned earlier, we do not discuss
instrumental backgrounds (jet and calorimeter fluctuations, holes in the apparatus, etc.)
as they depend strongly on the detector characteristics assumed 40. The dominant physics

background is Tikely to be from heavy flavour pair production and semileptonic decay:
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corbort-v +1 4 g, where the final state charged lepton is not detected and the
neutrino carries away a large amount of Py While e® can only be detected if they have
relatively large Py (> 0(50) GeV?), it should be possible to detect pi with Pr above a
few GeV. Thus a large part of the heavy flavour background (v“ + pi + q) can be measured,
and the rest (\é e+ 9, v+ T+ g) will have a similar magnitude. Most of the back-
ground events will have 2 Jjets, and the missing Pr vector will be aligned essentially
parallel to one of the jet axes in the azimuthal angle plane. There will be some fraction
of multiple jets due to gluon bremsstrahlung and other higher order QCD effects, but the
missing P vector will always be essentially parallel to one of the jets. We have not
studied the heavy flavour background itself, but have Tooked at the distribution in p?1ss
transverse to the observed jets in g decay. We see in fig.41 that the distribution in

missing Pr transverse to the nearest jet axis is relatively wide, certainly much wider

m

than the O(Lci.l_o?r_t )
therefore expect that the heavy flavour background can be dealt with, as it seems to be
4

which one would expect from heavy flavour production. We
at the present Collider This expectation is supported by the analysis of an
experimental working group 40 at this Workshop.

We conclude that detecting supersymmetric particles weighing less than the expected
upper limit of order 1 TeV should be relatively easy at any hadron-hadron collider with
/s < 10 TeV.
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3.3.5 - Alternative supersymmetry phenomenologies

So far we have explored the conventional phenomenological supersymmetry scenario,
in which the lightest sparticle is the photino Y, and R-parity is conserved so that every
sparticle must have a Y among its decay products, e.g. 3+q+5Y §g>q+q +Y. In this
subsection we explore two alternative phenomenological scenarios : either (I) the gluino
is (almost) the lightest sparticle, R-parity is conserved as usual, and the gluino is
(almost) stab1e70, or (II) R-parity is broken38’71’72’73.

(1) In the context of a collider experiment, a new particle appears stable if it
strikes the calorimeter before decaying. This requires yct > 0(1) metre, or

> 1072 (10710

) sec if y= 3(30) (3.41)

For this to occur, the momentum release in g decay should probably be less than a
GeV. This could well be the case if m§~ is a few GeV, but seems unlikely if |n§ >
0(10) GeV, and is excluded if the Yy and g masses are in the canonical ratio (3.23) which
is smaller than about 1/7. It could well be that the canonical ratio (3.23) is incorrect,
but even if it is, we find it unreasonable that m; - m~ < 1 GeV if m§ > 0(10) GeV, though
this could be a possibility if m§ < 0(10) GeV. When m§,> 0(10) GeV, we believe that the
only reasonable alternative to the conventional assumption is to postulate that the
canonical ratio (3.23) is so wrong that the gluino is actually the lightest sparticle. We
therefore retain as logical possibilities m§,< 0(10) GeV and either absolutely or almost
stable, or m§,> 0(10) GeV and absolutely stable.

If the gluino is absolutely stable, the Tightest gluino hadron should be neutral,
otherwise there will be a conflict with upper limitszg on stable charged hadrons coming

from ete” annihilation (m, < 0(20) GeV) or from searches79

for exotic isotopes containing
relic gluino hadrons left over from the Big Bang (m, < 0(1) TeV). Searches for exotic
isotopes and mass spectrometer experiments also exclude stable neutral gluino hadrons if
they weigh more than about 3 GeV. Therefore stable gluinos should weigh less than about
3 GeV. The existence of such objects seems not to conflict with any present-day particle
physics experiment70’75. The best place to look today for such stable gluinos may be65 in
the decay of P-wave states of bottomonium Pb‘ These are expected65 to have a branching
ratio of order 30% into pairs of such 1light gluinos. A systematic search of Pb decays
could surely reveal whether such a large fraction of final states contained a pair of
stable or almost stable gluino hadrons.

We do not think that a very high energy hadron collider, or even the present CERN
pp Collider, is the ideal place to look for Tight stable or almost stable gluinos (ma <
0(10) GeV). It may nevertheless be interesting to point out a possible signature, namely
the production of a pair of large Pr jets which each contain an energetic neutral
particle that is undetectable in the central tracking detector, but deposits its energy
in the hadronic (not electromagnetic) calorimeter, causing a mismatch between the
energy-momentum measurements in the central detector and in the calorimeters. Of course,
such events occur all the time, thanks to neutron and KE production. However, when one of

these particles is produced in one jet, there is no reason to expect another one in the
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opposite Tlarge Pr jet, though this should occur inevitably in 'gg production events. More-
over, if ma > O(mc) ~ 1.5 GeV, one could expect the neutral gluino hadron to carry on
average a half of each large PT jet energy, whereas neutrons and KE'S are generally softer.
A search for such anomalous calorimetry events at Tower centre-of-mass energies might be
valuable.
(II) Two possible mechanisms for R-parity violation have been considered in the literature
- explicit breaking through soft supersymmetry breaking or superpotential terms71, and
spontaneous breaking through sneutrino vacuum expectation values72. For reasons of elegance
and simplicity we restrict ourselves to spontaneous R-parity breaking, which may come about
through v, = <0| 5e|0> Lo, v“E <0|$u[0> Lo or v = <0| §T|0> L 0. Model studies’?
indicate that Vi $ 0 whenever any other sneutrino develops a vacuum expectation value, and
that in general Ve > VU > Ve - Whenever a certain sneutrino acquires a vacuum expectation
value, the corresponding lepton number Llis also spontaneously violated, but the modified
parity RL = R(-l)Ll is conserved. The very stringent upper limits on violations of
electron-number Le and of muon-number L impose small upper 1imits on Ve and v . The upper
limits on violation of tau-number Lr are much less stringent, and v, could be quite large.
In what follows we assume that only VT¢ 0, while Vo = Vp = 0. In this case, although
R-parity is violated, RT = R(-l)LT is conserved.
The consequences of R-parity breaking for the production and decays of sparticles are

quite dramatic76’73.

they need no longer be produced in pairs, they need not decay into
other sparticles, and the Tightest sparticle need not be stable. In general, sparticles can
mix with particles having the same colour and electric charges. In the case considered
here, R violation is always associated with LT violations, so sparticles may be produced in

association with T or Voo sparticles may decay intot or v and colourless charged

T
sparticles such as the ﬁi and ﬁt can mix with the T , while colourless neutral sparticles
can mix with the v_. Examples of posssible novel phenomena are in principle °- ¥ + Vo,
g »q+ (T or Vo } and Y *'T-e+ve or v, ete” decays. In what follows we discus;3brief1y some
qualitative features of such phenomena, the details being discussed elsewhere’ ™.

£ . - NE At . 72,73
The T mix with the Wand H through a matrix of the form

oot + ~-
(W", H', T )L M2 g,V 9oV W
gzv' € 0 W (3.42)
"
0 he Ve mTo o L

where M2 is the SU(2) gaugino mass, € is a term mixing the two Higgs multiplets H and H', v

and v' are their vacuum expectation values, T _ is the unmixed T and m is its mass before

0
mixing with W and H, and h. is the tau Yukawa coupling to the Higgs H. The physical tau

mass eigenstate has mass
T

0o (3.43)
T '/Vz + V,f

2 2
hT(v - vo)
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and the mixed components

T Wt - Viop © V1 Hy

2h_ v
o C 7, Mo T 2.2
oL gz(v2+vT) Vv +V;

+ _ _+
T

(3.44)

We see from (3.44) that the physical TI has only a small mixing with the ﬁL+ , because
h, is small even though v, may not be much smaller than v, while the physical T[ may have
large mixing with the ﬁL- but not with the WL'. Since the H couplings to quarks and leptons

73

are small, this unfortunately means that taus are unlikely’~ to be copiously produced in

the decays of squarks and gluinos. An analogous study of the more complicated mixing matrix
for the V;i W, 50, HC and A'° reveals that the physical\)T might have substantial mixing
with the W° and B° :
" lad
q WO + g B8°
0 € 2 1
vp=ve v 0E)
WV 91 +'9,

0

+ HY, s components, higher orders in < , etc. (3.45)

My

Therefore the Vo could in principle be copiously produced in q and g decays, but would give
the same missing energy-momentum signature as that expected in conventional supersymmetric
phenomenology. We find that mixing includes an ogf-diagonal neutral current coupling of the

T

7° to a H® and a Vs which is proportional to and hence small if Vo << v,v'.

W+ v
Therefore in the model discussed here much of conventional supersymmetry phenomenology

remains unchanged, except that the ¥ can now decay. The lifetime of the ¥ depends sensi-
tively on its mass, but the mixing between the ¥ and the v lifetime could well be long
enough for its decay vertex to be separated from the interaction point.

Disappointingly, we have not discovered a strong Tikelihood for copious t
production in models with broken R-parity, though Y decays may provide a signature for such
models. This possibility should be borne in mind when planning searches for supersymmetric
particles, though we still feel that the conventional sypersymmetric phenomenology
discussed in previous sections is a more plausible scenario.

3.4 - Technicolour

As representative examples of technicolour particles, we have considered the
production of coloured pseudoscalars P8, octets V8 and the techniquark continuum.

3.4.1 - Technipions P8

These are expected to have masses 0(250) GeV. The largest cross-section 1576’77

for neutral Pg production via gg fusion :
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2
o (Pg) = —3— T (P~ 99) tlgg(r) (3.46)
P
3 2 Nen. 2
G M o
o 5 F TP (%sy S oltC
where r (Pg>g9) = 3 7» = (-;r) { “E‘) (3.47)

We take the number of technicolours NTC = 4 as a representative example. The partial decay
width (3.47)1is much larger than that for decays into qq pairs, with the exception of Tt :
- & "5
gty = 77 = M (3.48)

Comparing the total decay widths (3.37, 3.48), we see that the dominant decay mode of P§
may be into tt. The Pg cannot be produced by gg fusion, but only by ud or du fusion, which
has a far smaller coupling than (3.48). Therefore we only compute the cross-section for P§
production in hadron-hadron collisions, which is displayed in Fig. 42. The signature for

P§ production would be P§ -~ it decay.

3.4.2 - Technivectors V8

Also shown in Fig. 42 are the cross-sections76 for V§ production :

2
o (V) = i%— [T (V3> 99) rlyg(n) + 3T (vg > ) Tlg(n)
Vg
(3.49)
+ 30 (vg > dd) tlyg(n) ]
where ? 2
o s 2 2 2 .
I‘(V8 > gg) = mvo FV : FV ~ 2FT : F-l- ~ 125 GeV (3.50&)
8
TTOL2
o - d 4 S 2
I‘(V8 > uu or dd) = 3 iy Fv (3.50b)
8

We take my, = 900 GeV. The gg fusion mechanism dominates over uu and dd annihilation

by an orde§ of magnitude. This means that Vg production, which proceeds via ud or ud anni-
hitlation alone, is somewhat smaller than V§ production, as seen also in fig. 42. We would
expect the V§ decay intc g + P2, by analogy with conventional QCD vector - pseudoscalar

+ y decays, and also into g + (y or ZO), while the Vé could decay into W5+ g.

3.4.3 - Technicolour Continuum

In addition to the production of particular technifermion-antifermion QTQT bound
states, one can also estimate the total cross-section for continuum QTQT production by
analogy with conventional heavy quark production. We assume the existence of 2 techniquarks
UT and DT’ each coming in NTC = 4 technicolours, so that the production cross-section is
8 times larger than would naively be estimated by scaling up gg or qg - tt.
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The principal uncertainty of this estimate is the correct techniquark mass mQTto be used.
One expects it to be generated dynamically by the strong technicolour interactions, and to
be somewhere in the range 300 GeV to 1 TeV. In fig. 42 we have plotted total cross-sections
for QTQT continuum production for three possible values : 300 GeV, 500 GeV and 1 TeV. We
guess that mQT would lie in between the two Tower values used : the highest value is a
gesture to epnservatism. In all cases the continuum production cross-section is likely to
be large enough to be detectable at ECm > 10 TeV, though the cross-section becomes rapidly
more favourable for lower values of mQT and larger values of E . Presumably the final
state resulting from QTQT continuum production would contain many techn1p1ons, including
the P8’ other denizens of Table 2, and longitudinal components of the w and Z°. We have
not attempted to estimate these, as they must be very model-dependent and our competence
does not in any case extend to calculating strong technicolour dynamics.

3.4.4 - OQObservability

The main physics background to a search for P3 > Tt comes from QCD production of Tt
pairs via gg fusion or qq annihilation. At the centre-of-mass energies and (tt) invariant
masses of interest to us, the dominant source of (tt) pairs is gg fusion. Since this is
also the dominant source of P§ production, the signal-to-background ratio is essentially

7

1'ndependent7 of ECm and y in the range of interest to us. Assuming Mpo = 250 GeV and my =
8

35 GeV we have calculated

o (g9 > Pg > it

integrated over all 0 (3.51)

w|—

o (gg ~ tt)

if one assumes 5% r esolution in m(It) and integrates over all the (tt) angular distrib-
ution. However, the rate for P8 production is so large that one can afford to reduce it by
making cuts in 8%, the (%t) centre-of-mass angle relative to the beam axes. The P° > Tt
decays are of course isotropic in this variable, while gg > tt is sharply peaked in the
forward and backward directions, as seen in fig. 43. This means that one can improve the
signal-to-background ratio by making cuts in 8* :

o (99 ~ Pg > tt) 0.9 for |o* - —| <

(3.52)

S ERSE]

o (gg » tt) 1.5 for |o* --? <

where the overall reduction in signal rate is by a factor of 0.7 or 0.4 respectively. We
conclude that it should be possible to detect the Pg; if one can identify clearly (tt) jet
pairs and get good invariant mass resolution around m(Tt) =~ 250 GeV. One is helped at a
Large Hadron Collider by the large rate relative to those at the present CERN pp Collider
and the forthcoming Tevatron Collider projects. We have not Tooked in detail at the physics
backgrounds to a search for V§ or V;, which we fear may be substantial.
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4. - Summary of important signatures

In this final section we catalogue some of the important signatures which
experiments at Tlarge hadron colliders should be able to detect. We Tleave to our
experimental colleagues the task of devising detectors which see them with high efficiency
and low background. This will not be trivial in many cases, particulary those involving
heavy particles which decay into hadronic jets. Any non-ideal detector would suffer from
backgrounds additional to the "physics" backgrounds discussed in section 3.

(tt) : wuseful for hunting Higgs bosons and technipions.

Multiple wf z° : Also useful for Higgs and technicolour searches. In view of the low rates
for many Higgs production mechanisms, one should not rely solely on leptonic decay modes of
the W * and Zo, but should also have some efficiency for picking them out via their decays
into hadronic jets. Experience from UAl and UA2 indicates that this is not easy in events
without an additional final state signature. It may be easier to pick out a second or third
W or z° > hadronic jet decay if the first Wh oor 20 is already identified through a
leptonic decay mode. Paying the price of a second or third leptonic decay branching ratio
might leave an unobservable small rate.

Missing Pr * This is very important for supersymmetry searches, and a hermetic detector on
the UAl model seems to be essential. As already mentioned in section 3.3, searching for
missing Pr is 1ikely to be easier at higher energy colliders, since calorimeters have
energy resolutions AE = /E, whereas the missing Pr signal being sought probably increases
roughly linearly with E.

jet-jet-mass bumps : Good dijet mass resolution is clearly important for the tt, W* and z°
searches previously mentioned, as well as for such signals as excited quark ~ q + g decay.

y-jet mass bumps : Are also potentially useful in the search for excited quarks.

leptons, e, V, T, ... : It goes without saying that a high capability to detect these is a
sine qua non for many of the other particle searches.

Based on the analyses of section 3, and on the likely cleanliness of the above sig-
natures, we reach the following tentative conclusions about the difficulty of observing
different species of new particles at a large hadron-hadron collider.

Supersymmetry : relatively easy

Technicolour : possible

Conventional Higgs boson : relatively difficult.

In general we are quite optimistic that a large hadron collider wuld make an
important contribution to the exploration of physics in the mass range up to 0(1) TeV where
there is good reason to expect a rich harvest of new particles.
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Figure Captions
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Tree level scattering cross-sections (a) should fall as l/Eém at high energies, if
Toop diagrams (b) are not to be unrenormalizably divergent = .
The tree-level diagrams for ff -+ gauge boson pairs in a non-abelian gauge theory.

The necessary correction diagrams due to the exchange of something Tike a Higgs boson.

The decay width FH of a heavy Higgs 19 into w*w', 7°7° and tt, assuming m = 30 GeV.
Also shown are lines corresponding to I = (1072, 1071) m,-

(a) Loop corrections to the Higgs mass, due to fermions, vector bosons, and scalar
bosons. (b) Scalar boson propagating through space-time foam 24

The generic model for producting a new massive state though a generalization of the
Drell-Yan 42 mechanism.

Effective parton-parton luminosity functions plotted in terms of 7. They do not vary
much between /s = 10 and 40 TeV. Note the similarity of the luminosities in pp and PP
collisions for v1 < 0.1 corresponding tom < %ﬁ /5.

Some of the parton-parton luminosity functions of fig.7 multiplied by a geometrical
cross-section factor 1/m; (3.5). The horizontal dashed (dotted) lines correspond to
0=0 (%6) pb above which cross-sections should be observable with a hadron-hadron
luminosity of 1032(1032)cm™2sec™!.

Rapidity distribution *° for pp> W' + x at E = 40 TeV.

The angle of archaeology: today's physics emerges at wide angles, yesterday's physics
emerges closer to the beam pipe, last week's physics even closer, etc.

Double-subprocess 22 due to two simultaneous hard collisions analogous to that in
fig.6 occuring in the same event.

Quark loop diagram 51 for gg ~ H.
Cross-sections for gg- H at /s = 10 TeV, 20 TeV and 40 TeV, evaluated with m = 35,
70 and 100 GeV.

The rapidity distribution of the Higgs decay products for different values

of My

Examples of Higgs bremsstrahlung diagrams 57,58 £ gg ~ ttH and qq » ttH.
Cross-sections for TtH production for /s = 10, 20, 40 TeV and me = 35 GeV.
Final state distributions for TtH production with my = 200 GeV at /s = 20 TeV:
(a) rapidity distribution of the Higgs,

(b) rapidity distribution of the t(;) quark,

(c) Pr distribution of the Higgs,

(d) py distribution of the t (t) quark,

(e) invariant mass for the (tt) system.

Diagram for WW - H production 59 yp qg, qq or qq scattering.
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Cross-sections for WW - H production.

Distribution in the subprocess centre-of-mass rapidity y for Higgses in WW collisions
60. Note the flat distribution which builds up the logarithm in equation (3.16).

Diagram for qq - W* » W+H production 61,

Cross- sections for qq » W* - W+H production.
A compilation of Higgs production cross-sections in pp collisions at /s = 20 TeV.

Total cross-section for Tt production, to be considered as a background to searches

for Higgses or technipions Pg.

The cross-sections for (tttt) production and (ttH) production 58

Final state distributions 58

for (tttt) production: (a) the rapidity distribution for
a (tt) pair, (b) the invariant mass of a (tt) pair (note the peaking at My < Z"M’
just where we would want to look for the Higgs), (c) Pr distributions for t quarks
and for (tt) pairs. Note the similarities between these distributions and those given

for (ttH) production in fig.17.

Total cross sections for W'W™ and z°Z° production 62 in pp and pp collisions,
as functions of /s.

Invariant mass distributions for WW™ and z°z° pairs produced by qq annihilation.

-Angular distributions (a) for w*w', and (b) for Z°Z° production at different values

of /' %.

Cross-sections for §§ production 39

, indicating the sensitivity to mdﬁ
The missing p; signature from §§ production followed by §> q + q +y decay.
T

Cross-sections for §§ production followed by § +»q.+ q + ¥y decay giving final states

with p$iss > 45 as defined in equation (3.25).

Rapidity distribution for q and q jets from §§ production followed by ¢~ q + q +¥
decay.

The distribution of the Pr of the minimum Pr jet from gy production followed by q+q#
decay.

Cross-sections for g production 39

, indicating the sensitivity to m;.

The missing Py signature from dq production followed by (a) g + q + g decay
(b) § ~ g + Y decay.

Cross-sections for Gq production followed by G » q + g decay, giving final

miss

states with PT > 4o as defined in equation (3.25).

The rapidity distribution for q and g jets from g production followed by
() §>q+§ Fog+q+7y, (b)G>q+¥. ]

The distribution of the Py of the minimum P. jet from gq production followed
by g+ q+4d, g->q+q+y decay.
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68 g = m*/m~ for diffractive

3g production. The sharp peak comes from correctly paired jets, while the broad
distribution comes from wrong combinations.

Distribution in the scaled minimum transverse mass

miss

Distribution in PT transverse to the nearest final state jet axis

(a) for 4§, § > q + q + y decay.

Cross-sections for coloured technipion Pg, coloured technivector Vg and techniquark
continuum QTQT production.

Sharply peaked centre-of-mass angular distribution for gg - tf, to be compared
with the isotropic distribution from Pg > tt decay.
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