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This talk is concerned with the physics opportunities of an
extremely high energy proton-proton or proton anti-proton machine.
(SSC) It is based on work done in collaboration with E. Eichten, K.
Lane and C. Quigg.! We set out to determine how the physics reach of a
high energy collider is affected by its energy, luminosity and type of
beam. I shall select a few topics and discuss them in this talk, the
reader may refer to Ref. 1 for a more complete discussion. | ‘

The triumph of the Glashow-Weinberg-Salam model? in correctly
predicting the W and Z masses® has made even more acute the problem
of how the electro-weak symmetry is broken. We have almost no
experimental guidance into the dynamics of this breaking. The
simplest option for this dynamics is that the breaking is caused by a
scalar field acquiring a vacuum expectation value. The simplest model
of this type has only one physical particle, the Higgs. Unfortunately
the constr’aints on the Higgs mass are rather weak 7 GeV < m,,
< 1TeV. The lower bound comes from cosmology.* The upper bound is
looser, it is derived from the observation® that a Higgs with more mass
becomes strongly interacting, implying that phenomena not present in
perturbation theory must occur. Many theorists regard this single
Higgs possibility as unappealing.! The quadratic divergences present
in perturbation theory lead to instabilities in the mass of the Higgs.”
This is sometimes phrased in terms of a hierarchy problem which, put
at its simplest, is the inability to understand why the scale of the Fermi

constant (1/VGg = 300 GeV) is much less than the Planck mass

" The scatological significance was recently discussed by S. Glashow.®



(~ 10'° GeV) or the scale of grand unification (~ 10'4 - 10'7 GeV) if the
latter exists.

Many theoretical alternatives to this simple Higgs mechanism
exist. Supersymmetric® models, where the Higgs is saved from these
quadratic divergences by having a partner spin 1/2 particle, predict a
host of new particles with the same quantum numbers as those in the
standard model but with spin different by 1/2 unit. In tech‘nicolor
models® the Higgs is not an elementary particle but is a bound state of a
new fermion anti-fermion pair. The proliferation of quarks and leptons
has also led to the suggestion that quarks and leptons are not
elementary particles but are built from some more fundamental
particles (composite models).!? All these alternatives (except perhaps
the last) have one feature in common; they all predict new physics on
the scale of the Fermi-constant. It is this scale that a high energy
hadron-hadron collider will probe. Since no particular meodel is
compelling, the machine requirements can best be defined by
performing some kind of ensemble average over all these models. This
done in Ref. 1.; the rest of this talk is arranged as follows. I first discuss
the parton model and the structure functions needed to estimate the
production rates. I then discuss hadronic gets, production rates of
gauge bosons, searching for the Higgs, signals for compositeness, and
for a sequential heavy lepton. Supersymmetric predictions and those
dealing with technicolor and non-minimal Higgs are discussed by some

other speakers.!!

A. The Parton Model

Production rates in a hadron collider with center of mass energy
Vs are given by

o = =1 dx,dx,f(x, Q) (x,, Q) oyfs, £, W) )
1

where oij(s\; t\, G) is the cross section for producing a particle of interest in
a collision of two constituents of the beams labeled ij; they could be
quarks or gluons. f(x,, Q?) is the probability of finding a constituent of
type i inside the beam particle with momentum fraction x of the beam.
Q2 is some scale characteristic of the hard scattering process (o)) e.8.
L= x,x,5. The f(x, Q%) fall rapidly with x, so if we are interested in
producing some new particle with mass M, x;x, > M?%/s and most of the
integral (1) is dominated by x ~ M/V's. Typically o, ac/s, with ¢ ~ al? for
a strong interaction process such as the production of a jet pair or a
heavy quark, and ¢ ~ ag,? for the production of a pair of gauge bosons.

At a collider with v's = 40 TeV, we could be interested in masses

as low as 100 GeV (inaccessible at LEP) or as high at 10 TeV implying

(100)? GeV3< Q% < (102 GeVZ%4 x > 105 (2)

212 1t is straightforward in

with dominant region around x = 10-
principle to obtain these distributions. One takes data at all x for some
small value of Q? from deep inelastic scattering experiments and uses
the Altarelli-Parisi equations!® to evolve up in Q% The problems we

encounter are as follows.



1. Data do not exist below x = 0.01, and different sets of data are
not consistent with each other.
2. tandb quark distributions may be needed, and the t quark
mass is unknown. »
3. The gluon distribution g(x, Q2 is not directly measured,
rather it isinferred from the Q? evolution of the anti-quarks.
4. The QCD parameter A is not well known and is correlated
with g(x, Q2). |
5. QCD perturbation theory may not be applicable at large and
_small values of x. The large x regioh is irrelevant since f(x,
. Q?) is very sméll there. The small x region is more
problematic t;ut .again is not relevant for setting the upper
reach of a mabhine (the largest M which can be produced)
since for most processes this limit is set by x ~ 0.1 or greater.
In order to estimate the effects of these uncertainties (we can do
nothing about the last one) the following technique was adopted.! Two
parameterizations based on those of the CDHS collaboration!® were
evolved and compared. These parameterizations differ in that a
different value of R = o 0, was assumed in the analysis. At QR =5
GeV? the values of xg(x, Q¥ andxare o
set1: xg(x, Q) = (2.62 + 9.17x) (1 =x)*% A = .2GeV (a)
set 2: xg(x, Q%) = (1.75 + 15.575x%) (1 —x)%% A =29 GeV (b) (3)
As usual, the gluon distribution with more support at large x (set
2) is correlated with a larger value of A, Figure 1 shows the behavior of
x g(x, Q) as a function of Q? for various x (set 1 shown). The difference
between the two sets is less than 20% over the entire x and Q? range (Q?

< 108 GeV?).

In order to estimate the possible uncertainties associated with the
absence of data in the small region, the input distributions were

changed for x < 0.01 as follows..

25.50 x!2 (a)
xg(x,5) = ' 4)
.44 x712.1.886 (b)

These match at x = 0.01 onto 3(a). At Q2 = 5 and x = 10—* 4(a) and
4(b) differ by a factor of 160, but at Q%2 = 1000 GeV? the differences is
order 2. These conclusions are encouraging because they suggest that
the uncertainties decrease as Q2 increases, and the differances in the
starting distributions wash out. (See also Ref. 14.) Comparisons with
other deep inelastic scattering data e.g. those of the CHARM
collaboration'® indicate that our énti-quark distributions may be too
small (Fig. 2). These problems cannot be resolved until the data in the
same Q? region agree. The effect of a change in A from .2 GeV to .1 GeV
for 3(a) is less than 30% over the entire range of x and Q2

A useful quantity to estimate the reach of a collider is
o/s d&/dr = o/(1+8) J (f(x, Q) £, (/x, QZ)‘V+ isjdx/xs.  (5).

This quantity has the dimension of a cross-section and can be used to
estimate the production rate of strongly interacting objects by
multiplying by o 2. Figure 3 shows this quantity as a function of s at
fixed s for gluon gluon collisions in pp collisions. (The pp rate is the

same.) It can be seen from this figure that at Vs = 40 TeV there will be



a reasonable number of events at Vs ~ 10 TeV for a strong interaction
process at a luminosity of 10% cm‘z.sec“. The figure shows the price paid
in the reach of a machine at fixed energy as the luminosity is lowered.
The same number of events at £ = 10%! cm~2%sec™! is reached at Vs ~ 3

- TeV. |
‘Figure 4 shows /sd£/dz for uu collisions in pp colliders. The ratio
pp/pp is shown in Figure 5. These two figures show that a certain
minimum luminosity is required to exploit the advantage of pp. 'For a
weak process (e.g.the cross section do/dp dy for the p, the productién ofa
heavy gauge boson) the rate is roughly ag,, 1d€/de/s. If we take a year of
| 107 seconds and require 1000 events Fig. 4 shows that a Vs = 40 TeV
machine reaches Vs ~ 7, 4, 2 TeV at luminosities of 1032, 1032, 103! cm"’
sec!. Figure 5 now shows that at the smallest of these luminosities
there is essentially no advantage in a pp machine. As o, decreases the

advantage of pp at the same luminosity becomes weaker.

B. Hadronic Jets

Hadronic jets at large transverse momenta (p,) will present a
background to new physics at a high energy collider so it is important
that they be well understood. Given parton distributions there é‘re still
uncertainties in the production rate. The scale Q2 which appears 2 (Q?
controlling the 2 - 2 scattering proéess and appears in f(x, Q%) is
undetermined. We use p,%/4 (see Ref. 14 and 16), this uncerfainty is
more important at the SppS collider than at higher energies. Figure 6

shows the cross section do/dpdy at y = 0 for the SppS collider. A

comparison with the data!” reveals no gross differences. The
contributions of the different final states, gluon-gluon, gluon-quark and
quark-quark are shown separately. Notice that configurations with
gluons in the final state dominate over the region of most of the data.
The cross section at Vs = 40 TeV is shown in Fig. 7 and at Vs = 10 TeV
in Fig. 8. Even a high luminosity machine will have great difficulty in
obtaining a clear sample of quark jets. The production rate of these jets
is enormous; Fig. 9 shows the cross section for the production of two jets
with rapidity y constrained, |y] < 2.5 and transvérse energy E, greater
than Er,for Vs = 10, 40, 100 TeV as a function of Et, Ataluminosity
of 10 cm? sec! the rate of jet production for ET, = 1 TeV at Vs = 40
TeV is 400 Hz. The production rate in pp and pp colliders at the same
Vs is equal to within 20%. The number of three jet events is also

impressively large.!

C. Production of Gauge Bosons.

The total cross sections for the production of W* in pp and pP

_ collisions is shown in Fig. 10. Since s = M? and hence ¢ is rather small

at Vs = 40 TeV the production rate is dominated by sea quarks and the
advantage in rate provided by the valence anti-quarks in pp collisions is
extremely slight; At Vs = 40 TeV the production rate is very large

(~ 120 nb) but most of the W’s are produced at small angle. Figure 11
shows the rapidity distribution; approximately 75% of the W’s are

emitted within 5° of the beam.



There may exist new W’s with a larger mass than 100 GeV. If we
assume a coupling to quarks equal to that of the standard W the
production rate of Fig. 12 is obtained. The cross-section has been
integrated requiring that the new W has |y| < 1.5 and the figure shows
pp collisions. The rate for pp is slightly larger (Fig. 13) but again a
minimum luminosity is needed to exploit the advantage. If we require
1000 produced new W’s, which should be enough to discover one, given
a reasonable branching ratio into v¢, we obtain a maximum mass which
can be explored at fixed values of Vs and integrated luminosity. Figure
14 shows this mass as a function of Vs for different values of [£dt in a pp
machine. It can be seen that a 103%cm~%sec™! machine at Vs of 40 TeV

can reach masses of 7 TeV.

D. Searching for the Minimal Higgs

The Higgs is not a typical member of the zoo of particles predicted
by models to have masses in the 1 TeV region. It has a rather small
production cross-section and is one of the most difficult particles to see.
In this respect it places the strongest demands upon energy and
luminosity. If the Higgs is lighter than 2 M, it decays into heavy
quarks (tt if m, > 2m, bb otherwise). In this case the background is
from the QCD production of heavy quarks, assuming that the detector
can distinguish between l‘i.ght and heavy quarks. This background is
much greater than the signal,! so-it seems difficult to detect a light

Higgs unless its production rate is much larger than the estimate given

10

here.! If my; > 2M,; or 2M,, it decays almost exclusively into ZZ and

WW final states with a width
(H- WW) = 2i(H - ZZ) = 320 m, 2 GeV (6)

where my, is measured in TeV. Two mechanisms for the production of
the Higgs are relevant. Gluon-gluon fusion!® via an intermediate
quark loop yields the rate shown in Fig. 15. The rate is sensitive to the
top quark mass, and also to the presence, if any, of extra generations.
M, = 30 GeV has been used and the figure should probably be viewed a
lower bound on the production rate for this mechanism. The Higgs can
also be produced by WW (or ZZ) fusion.!” The rate for this process is
shown in Fig. 16. At large values of my this mechanism dominates
since it exploits the large width for H - WW.

The signal for a heavy Higgs will be a peak in the invariant mass
of a W or Z pair.?® The background is from the cc;ntinuum production of
w pairs.?‘ Figure 17 shows the cross-section for pp > W*W- + X asa
function of energy. The W’s from the continuum are produced with a
flatter rapidity distribution than those from Higgs decay. Figure 17"
also show the rate if the W’s are restricfed to have rapidity less than 2.5

or 1.5. Figure 18 shows the signal and background in the W pair

channel for a Higgs produced at Vs = 40 TeV. The W’s are required to
have rapidity less than 2.5. The background is obtained from I}y do/dM

' Alarger rate may be possible in non-minimal models with more than

one physical Higgs particle.
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where M is the mass of a pair of W’s produced in the continuum. The
signal and background are comparable. Figure 19 shows the signal and
background at Vs = 10 TeV. The signal to noise ratio is worse.
Luminosity is extremely critical, as is the efficiency with which
the W’s (or Z’s) can be detected. It may be possible to detect W pairs
from the hadronic modes of the W. There is a large background from
the QCD production of multi jets and a preliminary study of the
problem??indicates that this will be very difficult. If gauge bosons can
only be detected in leptonic modes, only the ZZ final state can probably
be clearly reconstructed with an efficiency of (0.06).2 Figure 20 shows
the signal and background in this channel. For m; = 500 GeV there
are approximately 10 detected events for [£dt = 10%, which is probably
enough given the cleanliness of the signal. One will have to look hard
to find a Higgs but it does seem possible. The production rates in pﬁ are
the same but the background is somewhat worse.! One final word; the
production rates used could be too small if the t quark mass is larger

than 30 GeV or if there are more generations of quarks. , i

E. The Search for Compositeness of Quarks and Leptons

|
The proliferation of quarks and leptons has led to speculation that
they may not be pointlike particles but are rather built from some more
fundamental objects called preons. These preons are bound together by

a new force with a binding scale A. At energies much less than A, this

composite structure could manifest itselfas a four fermion interaction

between quarks of the following form 2

12

g2/t GAyFBy. (7

Here y represents a quark, g is the coupling strength of the new
interaction whose spin structure is specified by A and B. This term is a
low energy residue of the new interaction and will interfere with one
gluon exchange to produce a cross-section for quark quark scattering at
wide angle and center of mass energy Vs, which has the following
symbolic form

o~Ea?s + Fag?A’ + Gsg¥/As. (8)

Here E, F, G depend on the scattering angle and F and G also depend on
the detailed structure specified by A and B. This form is valid only
whens < A? '

If we assume that the interaction (7) is diagonal in flavor and that
the coupling involves only left handed quarks (A, B ~ yX(1 - 15)), then we
obtain the result shown in Fig. 21 which shows the effect on the jet
cross-section do/dp;dy at y = 0 and Vs = 40 TeV in pp collisions as a
function of A for g%/4n = 1. The scale Q? in the parton distributions was
taken to be P,? a comparison with Fig. 7 reveals the sensitivity to this
choice (see Section B). For the values of A shown the effects of the
second and third terms in Equation 8 are comparable.

A search for substructure involves looking at the jet cross-section
and seeing that it is flatter in p, than expected from QCD alone. There’
is a potential problem in that the QCD expectation depends on the
structure functions which need to be known with reasonable accuracy.

Fortunately, regions of x relevant are such that one can have confidence



13

that the structure function uncertainties are less than a factor of two.
The following criterion should be adequate for detecting a composite

effect. If A(p;) is greater than one or less than 0.5 where

A(PT) = do/ dedy 'observed- do/dp Tdy IQCD

do/dpdy @

observed

If we ask that this criteria be satisfied and that there be more then 50
events per unit of y then the 40 TeV collider has sensitivity up to

A = 15 TeV for an integrated luminosity of 10*° cm~2sec™.

F. Searching for a Heavy Lepton

One is used to thinking that it is very difficult to find a heavy
lepton in a hadron covllider since the production rates are small and the
signal poor. However, a new heavy lepton L appearing in a doublet (L,
N) will decay L » W + N if m; — my > my. I will assume that the
mass of the new neutrino N is very small. L*L- can be produced in
pairs in the Drell-Yan mechanism. The final state will consist of
W*W- + missing momentum (carried off by N) giving a signature
which should be recognizable even with the small rate.

The lepton can also be produced singly by the weak analog of the

Drell-Yan mechanism

43— W* > LN - (10) -

14

this process leads to a single W is the final state at large p; with a large
amount of missing p;. Figure 22 shows do/dy aty = 0 for the process

pp— L* N + X, where y is the rapidity of the LN pair, as a function of
m,. The rates are small but the only background from old physics is the
final state W + Z where the Z decays into neutrino pairs. We can
estimate the background as follows. Compare the signal with |y] < 1.5
with the background where both W and Z have |ly| < 2.5. This larger
bin is needed to take account of the mobility of the W from L decay.
RecIuiring an excess of 50 events of signal over background gives Fig. 23
which shows the center of mass energy needed to reach a particular
lepton mass for fixed values of effective luminosity. The true
luminosity in the effective value divided by the efficiency for detecting
a W. If this efficiency is O(1/10) then at Vs = 40 TeV or collider will

luminosity of 10% cm~2? sec™! can reach masses of order 700 GeV.

G. Conclusion

I will summarize very briefly the conclusions drawn from Ref. 1.
Several unsolved problems concerning backgrounds prevent one from
claiming that some particular signal is clearly observable. Oﬁe of the
most critical issues concerns the observability of W’s and Z’s from their
decays into hadronic jets. Many signals for new physics involve final
states with W’s or Z’s (e.g. the minimal Higgs discussed in D). If one is
restricted to observing the W’s and Z’s via their leptonic modes (which
may not be possible for final states involving more than one W) only a

small number of events will be detected — 5000 Z pairs decaying into ee
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and pp results in only 18 detected events. The physics background to
hadronic decays of W and Z is from QCD events with multiple jets. In
the case of final states with 4 jets we have no reliable QCD estimate.
Many particle searches (e.g. supersymmetric ones) involve signals
which have missing transverse momentum, so the importance of
hermetic detectors with 4u coverage cannot be overstated.

The difference between a pp and a pp collider is limited to a few
special cases where the presence of valence antiquarks in theranti-
proton is important (for example is the production of a new W). In order
to exploit this advantage a certain minimum luminosity is required.
(~5x10% cm™?sec™! for Vs = 40 TeV).

In conclusion a 40 TeV machine operating at a luminosity of at
least 10°2 cm=2 sec™!, seems capable of answering the fundamental
questions surrounding the breaking of weak interactions. The same
assurance cannot be given for a 10 TeV Machine at the same

luminosity.
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Figure Captions

The distribution xg(x, Q% vs Q2 in GeV at x = 10* (solid line)
x = 10%dotted) x = 10-Xdotted-dashed) x = .1 (dashed).
Comparison at Q> = 50 GeV? of x times the distribution
functions, of the CHARM collaboration!® (dashed regions)
with these of Ref. 1. (dashed line) Twice the anti-quarks
(dotted line) and the sum of up and down valence quarks (dot-
dashed line).

The function v/s d€/d: in nanobarns (Eq. 5) as a function of

Vs = 2,10, 20, 70, 100 TeV for gluon gluon collisions.

The function t/s d€/dc in nanobarn (Eq. 5) as a function of

Vs for Vs = 2, 10, 20, 70, 100 TeV for uu collisions in a pp
collider. |

The ratio of +/s d€/d« for uli collision in pp to thatin pp at Vs =
2, 10, 20, 40, 70, 100 TeV as a function of Vs.

The cross-section do/dp dy in nb/GeV at y = 0 fo!r the
production of a jet in pp collisions at Vs = 540 TeV (solid line)
the final states, gluon gluon (dot dashed) gluon quark (dotted)
and quark quark (dashed) are shown separately.

As Fig. 6 except for pp collisions at Vs = 40 TeV.

As Fig. 6 except for pp collisions at Vs = 10 TeV. |

The cross-section in nanobarns for the production of a pair of
jets each with |y| < 2.5 and with total transverse energy

greater than E,, Vs = 10, 40, 100, TeV shown.

Fig. 10.

Fig. 11.

Fig.12.

Fig. 13.
Fig. 14.

Fig. 15.
Fig. 16.
Fig. 17.
Fig. 18.

Fig.19.
Fig. 20.
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The total cross section in nanobarns for the production of W+
(dotted line), W- (dashed line) in pp collisions as a function of
Vs. Also shown are the rates with |y | < 1.5.

The rapidity distribution do/dy in nanobarns for the
production of W*in pp collisions at Vs = 40 TeV.

The cross section of pp - W*'in nanobarns as a function of the
mass of the new W*, The W*' is constrained to have [y| <
1.5. Vs = 2,10, 20, 40 70, 100 TeV shown.

Asin Fig. 12 except for pp collisions.

The maximum W*' mass which can be reached as a function
of Vs for integrated luminosities of 10%7, 1038, 1039, 1040 cm?,
(pp collisions.)

Higgs production cross-section in nanobarns from gluon

fusion mechanism'® a function of m,. Vs = 2,10, 20, 40, 700,

- 100 TeV shown.

Higgs production cross section in nanobarns via the gauge
boson fusion mechanism'®. A function of my.. Vs = 2, 10, 20,
40, 70, 100 TeV shown.

Cross section in nanobarns for pb - WrW- + X, Asa
function of Vs. The lines are the total cross section and the
cross-section contrained by ly | < 1.5andy_ < [2.5[.

Signal and background in nanobarns for the process pp - H —»
W+W- with |y | < 2.5 at Vs = 40 TeV and with |y < 2.5.
AsTFig. 18 except Vs = 10 TeV. ‘

Signal and background in nanobarns for the process pp - H -

ZZ with|y | < 2.5at Vs = 40 TeV.



Fig. 21.

Fig. 22.

Fig. 23.
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The jet cross section do/dpdy at Vs = 40 TeVandy = 0 in

nanobarns/GeV as a function of p, showing the effect of the

‘termEq. 8. A = 10, 15, 20 TeV shown.

The cross section do/dy i.n nanobarns at y = 0 for the
production of an (LN) pair by the process of Eq. 10. Vs =

TeV 2, 10, 20, 40, 70, 100 TeV.

Maximum mass for L which can be reached as a function of Vs
for effective luminosities of 1037 and 1038 e¢m? according to the

criteria of Section F.
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