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ABST-RACT

A Workshop, jointly organized by ECFA and CERN, has taken place at Lausanne
and at CERN in March 1984 to study various options for a pp (or pE) collider
which might "be installed at”a later date alongside LEP in the LEP tunnel.
Following the exploration of ete” physics up to the highest energy now
foreseeable, this would open the opportunity for investigation of hadron
collisions in the new energy range of 10 to 20 TeV in the centre of mass.
This summary describes the Workshop, its aims, organization and programme,
and presents the genefal conclusions which it leads one to formulate at this
stage. It is but an introduction to the proceedings which will put together

specialized reviews and the complete reports of the different working groups

and which will be published in due course as an ECFA-€ERN report.
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1. INTRODUCTION

CERN is at present building LEP and preparing for the exploitation of
LEP up to the highest energy now foreseeable. The physics case for LEP now .
appears even stronger than it was when formulated in 1978-791), in the
course of workshops and meetings organized by ECFA and CERN which
demonstrated the widespread support and enthusiasm of the European high
energy physics community for the project and led to its approval in 198l.
Now the impressive results of the CERN pE collider, with the discovery of
the weak intermediate bosons and the extraordinarily clear emergence of
hadronic jets, have confirmed the most optimistic statements which could be

advanced earlier for the interest of physics at LEP.

The installation of a hadron collider in the LEP tunnel, using
superconducting magnets, has always been foreseen by ECFA and CERN as the
natural long term extension of the CERN facilities beyond LEP. Indeed, such
considerations were kept in mind when the radius and size of the LEP tunnel
were decided. The recent successes of the CERN p; collider now give us
confidence that such a new collider would be an ideal machine to explore
physics in the few TeV range at the constituent (quarks and gluons) level, a
domain which the very success of the standard model now leads one to
consider as crucial to a deeper understanding. Indeed, the present
enthusiasm for the superconducting=-super-collider (SSC) in the United States

bears witness to the impressive potential of such machines.

While the installation of a hadron collider in the LEP tunnel may at
present be considered as a possibility rather remote in time, it was deemed
appropriate to have a rather thorough discussion of this possibility now,

for two main reasons.

The first one is the scheduling of an ICFA meeting on future
perspectives for high energy physics in Tokyo in May 1984. The physics
potential is great and possibilities in Europe have to be presented there
together with studies presently under way in the United States. The second
one is that, if such a machine is ever installed in the LEP tunnel, it will
have to use the facilities offered, stretched as far as possible within the
available technological and financial possibilities. This clearly implies
using magnets of the highest performance within reasonable cost limitations.

If one, for instance, considers 10 T magnets, one immediately realizes that
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important research and development studies have still to be done. Such
studies which, even if energetically pursued, could require a few years, may
be considered as a prerequisite for the definition of the parameters of such
a machine. When considering magnets, even a distant goal demands a rapid
start. A workshop bringing together theorists, experimentalists,
accelerator physicists and experts in superconducting magnet design was thus

considered to be timely.

As stressed by G. Brianti and J. Sacton during the Workshop,
constructing such a machine in the LEP tunnel would allow one to reap
benefits from many important features. CERN, with its present versatile and
efficient accelerator complex, has demonstrated how existing machines can be
most usefully and efficiently used for serving or developing more powerful

ones. A hadron collider in the LEP tunnel would exploit the following.
i) The existence of an excellent proton injector.
ii) The availability of a good and reliable 5 source.
iii) The LEP tunnel and its associated infrastructure which could readily
be used for its installation. There is adequate room available

alongside LEP.

iv) The expertise with protomn beams, in particular with bunched beams,

and with the operation of a complicated chain of machines.

v) The depth of the tunnel which would ensure that no radiation would be

released to the environment.

vi) The possibility of colliding the electrons of LEP with the protons
of the hadron collider up to centre—of-mass energies of 2 TeV. Ion-

ion collisions would also be possible.

vii) Last, but not least, the existence of a general laboratory

infrastructure.

At present several options can be.consideréd and questions worthy of

detailed consideration during the Workshop were of course:



a)

b)

c)

d)
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Should one aim at the highest possible magnetic field and reach, say,
Ys = 18 TeV in the centre of mass, or would vs = 10 TeV, which could
be reached with magnets of well-mastered technology, already be very
interesting?

Should one aim at a high luminosity, L ~ 1033 cn2 sec-l, say,
accessible with a two-ring pp collider, or would a luminosity of
about 103! cn™? sec"l, which could be achieved with a single ring p;

machine, be enough for most experimental needs?

If one aims at the highest luminosity, should one consider bunching
with small time separation (25 nsec, say), so that there would be
only one event on the average per bunch crossing, or should one use a
longer separation (150 nsec, say), less demanding on detectors, but

then with several events for each bunch crossing?
If, in order to reach the highest luminosity, one takes the pp two-
ring option, is it important to remain versatile enough to be also

able to run in the p; mode albeit at lower luminosity?

The convener reports, summarized in Section 5, provide arguments in

each case. The general conclusions seem to be:

i)

ii)

The highest energy would be a valuable asset but there is no actual
threshold known now. The key point is to have at least 10 TeV in the
particle centre of mass in order to have typically at least one TeV
at the constituent level. There is also a trade—off between energy
and luminosity, a gain in luminosity for a loss in energy and vice

versa.

Production cross—sections for hitherto unknown objects, with mass M,
are expected to be at most of order M_2, hence a high luminosity is
an important asset and there is no reason to think that 1033 would be
too high for some detector systems. With several detector devices now
foreseen, a small time separation between bunches, allowing one to
have only one event on the average per bunch crossing, would be

acceptable, and hence highly preferable.
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iii) According to present wisdom, differences between pp and pE induced
reactions would be in most cases too small to be detectable.

Information from pp collisions should hence be enough.

The remaining sections of this summary are organized as follows.
Section 2 describes the Workshop and readers already familiar with it do not

need to read it.

Section 3 outlines the physics case for research in the few TeV range
at the constituent level, as it appears today. The report of
C.H. Llewellyn Smith in the proceedings, and the write-ups of the theory
talks presented at Lausanne, also to be included in the proceedings, will
discuss this in great detail. The report of G. 't Hooft puts the various

questions thus considered in a broader perspective.

Section 4 is a summary of the very large amount of material
discussing different machine scenarios with emphasis on the pp option.
This will be covered in the proceedings by the report of the machine groups

(convener, G. Brianti).
The conclusions which can be drawn are:

i) A proton—proton collider can be installed in the tunnel above LEP. A
centre—of-mass energy of about 18 TeV could be reached with super-

conducting magnets of 10 T.

ii) 1In order to achieve this goal, it is necessary to launch in Europe a
vigorous programme of development of materials and techniques
necessary for the construction of such magnets. Several European
Laboratories and Institutions express a great interest to participate

in such a programme.

iii) All other machine components and systems appear to be feasible with

the present technology.

In the CERN presentation (Appendix A). These topics were covered by
G. Brianti (machine parauweters), R. Perin (magnets), and M. Morpurgo
(cryogenics). The contribution by H. Grunder is a report on the status of
the SSC "reference design” which was still in progress in the United States

at the time of the Workshop.



Section 5 puts together the key conclusions arrived at by the

different working groups.

Section 6 summarizes the main conclusions of the Workshop.

2. THE LAUSANNE-CERN WORKSHOP

The interest of the physics, with several specialized workshops
taking place in the US in connection with the SSC project, the long-range
possibilities existing at CERN and the scheduling of an ICFA meeting for
May, prompted ECFA and CERN to organize a Workshop in the early spring of
1984, during which European physicists could focus on possible options at
CERN for a hadron_gollidet'installed in the LEP tunnel. It was deemed
appropriate to limit the Workshop proper to a one-week meeting, with four
days of discussion (21-24 March 1984) in Lausanne, with a limited number of
participants, and summary presentations at CERN (26-27 March) at an open
meeting. Through the winter, studies of machine design, magnets and
crycgenics, have been underway at CERN with meetings during the course of
these studies at which outside experts were invited to assess and comment on
the progress of the work. The final decision with respect to the detailed
prcgramme and format of the Workshop was taken after two preliminary
meetings at CERN in December 1983 and Febrqary 1984, respectively, which
brought together about 40 leading particle physicists from the member
states. After the first meeting, in Decehber, the desirability of the
Workshop was agreed and specialized working groups were swiftly set up. It
was indeed clear that a large amount of work on the physics side had also to
to be done before the Workshop proper, its limited time being most
efficiently used for collecting together the gathered information,
confronting ideas and drawing conclusions. As the proceedings will bear

witness, a very large amount of work was invested in these studies.

On the experimental side, there were eight different groups but, of
course, a large amount of cross—talk took place between them. They were,

with their respective conveners:



i) Jets — P. Jenni -
ii) Electron and éhofon detection - Ph. ﬁioch
iii) Muon detection - W. Bartel ‘
iv) Tracking chambers — A. Wagner
v) Vertex detection — G. Bellini and P.G. Rancoita
vi) Triggering - J. Garvey
vii) Data acquisition - D. Linglin
viii) Forward physics — G. Matthiae
.
Groups iv) and v), and also groups vi) and vii) had clearly much in
common and, in the former case, it actually led to a single presentation at

CERN (Appendix A).

At Lausanne,,tﬁe different groups worked in parallel, while
exchanging members and making use of the contributions of some theorists and
accelerator ﬁhysicists. There were, however, two joint meetings in
Lausanne, one on the second day and one on the last day, in which each group
could in turn offer its tentative conclusions for a general discussion and

collect feedback from the other groups.

On the theory side, several theorists agreed to summarize some
preparatory work, most often dome in collaboratioh with several colleagues,
in talks‘presented at Lausanne. These .talks were also attended by many
experimentalists and had the dual role of presenting many relevant pieces of
information and of triggering further discussion. Seven talks were
presented and will appear in the proceedings. Five of them are directly

relevant to hadron interactions in the multi-TeV range. They are:

Exotica and expected signatures‘- J. Ellis

Why is this energy range so interesting? — R. Barbieri
Extrapolation of standard effects — hard collisions - A. Ali
Extrapolation of standard effects - soft collisions - B. Andersson

Composite models - R. Peccei

The other two reflect the fact that theorists are free to extend
their investigations to any a priori interesting question. The potential of
ep collisions, as in principle accessible with LEP and a hadron collider in
the same tunnel, was reviéwed by G. Altarelli. The rather intense very high
energy neutrino beams which one could obtain (for free) from the abundant

production of charmed particles, were considered by A. De Rujula.
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The prominent jets of today will provide a Bellwether-type of
reaction when probing hadron constituent interactions in the multi-TeV

range. This, however, deserved some thorough discussion.

Discussions at the Workshop also focused on rates and signatures for
expected exotic particles, in particular on Higgses and on supersymmetric
particles, and also on composite models. Many physicists kept an eye on the
possible significance of the unusual events recently reported by UALl and
UAZZ). One may consult the report of J. Ellis, which was scheduled as a
plenary report in Lausanne, and the short reports by K. Gaemers and H.
Fritzsch which altogether summarize the outcome of these discussions. They

will appear in the proceedings.

On the accelerator side, as previously mentioned, a very large amount
of work had already taken place before the Workshop and it was summarized to
all the participants on the first day by G. Brianti. The magnet study group
which had met previously independently of the Workshop convened in Lausanne
for one day (the second one) and a panel discussion, covering the present
state of the art in superconducting magnet design and- technology, was
organized in the late afternoon for all the participants to attend.
Relatively few accelerator physicists attended the whole Lausanne part of
the meeting, since the study of machine options had actually taken place

earlier but they acted as welcome experts in discussions.

The Lausanne part of the Workshop involved about 150 people only,
while the CERN presentation was open and attracted many people, with the

Main Auditorium practically full most of the time.

Lausanne, actually the Bitiment Propédeutique on the Dorigny Campus,
offered the advantage of maintaining close and effective contact between
CERN and non-CERN participants, with the CERN staff finding it easier to
give their undivided attention. The premises, generously offered to us by
the University of Lausanne, were actually ideally suited for the Workshop
activities. The organizing committee would like to express its gratitude to
Monsieur le Recteur Delessert, Monsieur le Doyen Masson and Monsieur le
Directeur Administratif Pilloud, for the very warm welcome which they

extended to us.



3. THE PHYSICS CASE

At present, our description of interactions at the fundamental level
is based on gauge theory. The standard model combines the gauge theory of
electroweak interactions based on the SU(2)xU(l) gauge symmetry, and the
gauge theory of strong interaction based upon the SU(3) gauge symmetry of
quantum chromodynamics. While it is possible that the standard model may be
but the "low" energy residue of a higher gauge symmetry prevailing at much
higher energies, its past and recent successes can be deemed a triumph.
Indeed the discovery of the weak intermediate bosons at the pE collider,
with their expected properties and production rates, is the pinacle of a
series of successes not only for the electroweak theory but also for the
present understanding of hadron structure in the framework of QCD. The

latter point is further vindicated by the clear emergence of hadronic jets.

However, as happily always in physics, these brilliant successes
should not be considered as only the end of an important chapter. They are
also definitely the opening of a new one. Indeed, the standard model, with
all its brilliant successes, does not explain enough. It merely describes
interactions among actors which Nature presents with many different

properties for whose origin we presently have very few clues.

What is the deep origin of mass and what are the relations between
masses and symmetry breaking processes, such as those which are at work in

the Higgs mechanism?

Why is there a repetition of the quark and lepton families which our
present theory can merely only accommodate but not explain? The origin of
the different flavours is still a riddle. So is the origin of CP

violation.

What is gravitation and how does it relate to the other interactions

as presently described in the framework of the standard model?...

While drawing up such a list probably takes us beyond what we may
reasonably hope to learn by studying in detail physics at LEP and in the

multi-TeV range, there is one question which one thinks one can approach
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with success there: what is the nature of the symmetry breaking mechanism

which is at work in the standard electroweak model?

We have an atavistic fascination for symmetries and it is a most
pleasing feature that the interactions appearing in the standard model
result from a gauge symmetry principle. However, this symmetry is somehow
broken. Otherwise the W and Z would be massless like the photon and the
fermions would be massless too, with no coupling between right-handed and
left~handed particles. Experimentally, this is not the case. The standard
model indeed includes symmetry breaking, introduced through the Higgs
mechanism. However, the nature of the Higgs field immediately raises

challenging questions.

Is the Higgs a fundamental field and if so why is the Higgs mass so
light, when one might expect it to be driven up close to the GUT energy
scale or even the Planck mass by radiative corrections? The answer may lie
in the presence of supersymmetric particles, some of them, however, then
with masses comparable to the.energy scale characterizing the symmetry
brgaking of the electroweak interactions (say, the weak boson mass, oOr
Ggi = 250 GeV).

Is the Higgs a bound state system of hitherto unknown fermion fields?
One may recall that the pion is at the same time almost a zero mass field
necessary for the spontaneous breaking of chiral symmetry and also a bound
state of a quark and an antiquark. Though the connection between these two
aspects of the pion is not yet well understood, a similar phenomenon could
apply to the Higgs field. In such a case, there are good reasons to think,
with the mass of the weak boson again providing the scale, that, at
/s' ~ 250 GeV, where Ys' is the centre-of-mass energy at the constituent
level, the Higgs field should disclose some structure and other members of a
rich Higgs family could be met. Such an approach has been vigorously

pursued under the heading of technicolour models.

Whichever way one looks at it, the properties which one now has to
impose on the symmetry breaking mechanism lead one to expect new physics by
the time one reaches 1 TeV at the constituent level, this however implying

10 TeV or so at the proton level.
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1) 3)

When presenting the physics case for LEP or for the p; collider™’,
one could stress that reaching 100 GeV or more at the constituent level
would lead us to new physics. This has already started at the collider and
LEP is the ideal instrument to study it to the full. When presenting now
the physics case for a multi-TeV hadron collider, one may say that reaching
1l TeV or more at the constituent level should again reveal new and
fundamental insights. This is where to probe with every reason to expect
success, the nature of the Higgs mechanism with, one way or the other:

supersymmetry, -extended technicolour,... a host of new particles.

This may, however, be too conservative and other adventures may even
be just "around the corner”. The pE collider already provides us with
unusual events, rare but frequent enough to raise fascinating questionsz).
Particles which we consider elementary (quarks, weak bosons, ...) may
actually be composite and this at an energy scale of the order of the one
presently probed (L0™1® cm). If this is the case, particle physics in the
100 GeV range is already showing, though as yet in a timid way, a wealth
which goes much' farther than the standard model. A gain in energy is then

just a necessity in our quest for a better understanding.

Having stated the case for physics in the multi-TeV range, a case
developed in detail in the reports of C.H. Llewellyn Smith, G. 't Hooft,
G. Barbieri, J. Ellis and R. Peccei in the proceedings, one may now briefly
turn to expected rates, signals and background in order to face questions
concerning the choice of energy, luminosity, pp versus p;, «es Very proper

to the Workshop.

The general experimental conditions will be defined by a total cross-
section which one can (lacking still a precise measurement of ctot and a
measurement of p at the pE collider) estimate to be in the 90 to 130 mb

range at Vs = 20 TeV. The mean multiplicity is then likely to be of the
order of 80, with large fluctuations expected. The report of B. Andersson
provides a detailed comnsideration of these matters. Hard processes, the
signal of today, will be the background of tomorrow. (QCD jets at large Pp
(pT's in the 100 GeV to TeV range) should provide reference counting rates,
and in much the same way as rates could be correctly predicted for the pp
collider3), reasonably safe predictions can be advanced féf hadron
collisions at Vs = 10 to 20 TeV. Enormous rates are expected for jets. For

instance, the present collider yield of dc/dedy 0 s 10"2 nb at
y=
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Pr = 100 GeV should have increased by close to four orders of magnitude at
/s = 20 TeV. One nb corresponds to 1 event/sec at L = 1033 and the Jet
yields at Vs = 20 TeV could then be probed at Py up to 5 TeV. Rates go down
as pEz at fixed p%/s and the accessible mass or Py range does not therefore
scale with v¥s. It follows that cross—-sections will be unobservably small
unless one limits oneself to values of 7 (% = M2/s when probing for new
particles, T = p%/s when measuring jet yields,...) similar to those
accessible at present collider energies, much smaller if it were not for the
anticipated very large gain in luminosity. It follows that the most
abundant relevant partons will be gluons and that, for appreciable counting
rates, the machine could be considered as being mainly a broad band gluon-
gluon collider. For gluon—gluon collisions, an increase in hadron collision
energy from 10 to 20 TeV corresponds to typically a factor 7 at ¥s' ~ 1 TeV.
One thus sees how changes in energy can be traded off for changes in
luminosity for very hard processes. The differential luminosity at the
parton level (gg,uu,...) can be rather safely calculated. It turns out that
scaling violations, important at very large p% 3), tend to wash out
uncertainties about the gluon distribution at smaller Q2 ~ p% where it can,
in principle, be determined from the analysis of deep inelastic neutrino
scattering. A wide array of predictions for rates is presented in the

reports of C.H. Llewellyn Smith and A. Ali, in the proceedings.

Rates for generic hard processes are conveniently expressed in terms

3

of the parton luminosity at the relevant value of T, nanmely )
T dL _s'
o=C s' dt °? TS

where C is of the order of, say, 107! to 1072 (strong) or 10~*
(electromagnetic processes) and such distributions have been calculated.
One finds that the gg differential luminosity dominates that of uu for

YT < 0.15 and also that for uu for practically all relevant Tt values. For
uG, pE would beat pp only for Yt > 0.5 (assuming that Lpp = 102 Lp;). One
sees that, as previously mentioned, glue will dominate the show and that
there is at present no arguable physics case for pE as opposed to pp. The
smallness of the cross—-sections at large s' or M2 leads onme to give a high

weight to luminosity and hence strongly favours the pp option.
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Next to the standards provided by jets, reasonable counting rates can
be expected for hitherto unknown particles (heavy quarks, heavy scalar
particles, heavy vector bosons, ...) which would couple to the gg or q;
channels. Heavy quarks up to 400 GeV and heavy vector bosons up to 5 TeV
could be seen. The W pair production cross=—section, probably barely

accessible at the Tevatron, could be studied over a wide energy range.

On the other hand, searching for the Higgs meson as it appears in the
standard model looks difficult. Rates are low and background large. The
reports of C.H. Llewellyn Smith and of J. Ellis discuss in detail
expectations for Higgs, technicolour particles and supersymmetric particles,
assessing probable signals and backgrounds. Testing SUSY appears to be
relatively easy, in particular in the presently standard case where R
invariance is valid and the lightest (and hence stable) supersymmetric
particle is the photino. The signature is jet systems with missing
transverse energy and it should be possible to overcome background problems.

Production rates are expected to be reasonably large.

The reports of C.H. Llewellyn Smith, R. Peccei and H. Fritzsch in the
proceedings discuss in detail the question of compositeness, and how the
many excited quarks and weak bosons then anticipated could be seen. Probing
efficiently at /s’ =1 TeV, one would be in an a priori good position to
detect new effects. There is just a wide variety of so—called possible

phenomena with acceptable signals over background ratios.

Concluding this overview, one may say that there is at present a
theoretical consensus that the once fashionable desert will actually blooa,
but there is no consensus on what flowers exist there. The successes of
particle physics in the 70's and early 80's has provided answers to the old

questions such as:

what is the nature of the weak force?
what 1s the nature of the strong force?

what is the structure of hadrons?

Satisfied with these successes, we have now to face deeper questions such

as: -
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what is the origin of mass?
what kind of unification may exist beyond the standard model?
what is the origin of flavour?

is there a deeper reason for gauge symmetry?

We have simply too many a priori plausible hypotheses concerning the nature
of symmetry breaking in the standard model. Experimentation in the TeV
range at the constituent level is bound to provide most essential clues, and
the present successes of the p; collider are a very strong encouragement to
go to higher energies and to higher luminosities in hadron-hadron

collisions.
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As already stated in the introduction a wide range -of possibilities
exists for a Hadron Collider in the LEP tunnel as shown in Fig. 4#.1. The
conceptually simplest option is a pp ring with a single beam channel
which can either be built with magnets of present technology or with
high-field magnets which would need a fair amount of research and
development effort. The luminosity is relatively low because the
antiproton sources are not very intense. In order to make provision for
bunch separation at unwanted beam crossings, the aperture must be somewhat

enlarged.

Using two beam channels gives a more versatile collider. The rings
can have either one common magnetic circuit, which couples both rings
magnetically, or two independent circuits. For space reasons, the two
beam channels will always be in one cryostat. The most interesting option
is the one where the two beam channels are side by side allowing for high
luminosity pp collisions with many bunches. 0Oepending on the desired
field level, the two apertures may be part of a common magnetic circuit or

of separate circuits.

In the first case there is enough space in the LEP tunnel to install
high-field magnets. At high field level, the field must be necessarily
equal and opposite in the two apertures as required for pp operation. This
precludes pp with the beams in two separate channels. At considerably
lower field level, the magnets can be excited such that the field is the
same in both apertdres and pp operation in two channels becomes
possible. Of course it would be possible to put both the proton and the
antiproton beams in one of the apertures, and either work with a low
number of bunches at low luminosity without separation or installed

separators.

In the second case (independent magnetic circuits), pp and pp
operations are equally possible at nominal field, but, for space reasons,

only moderate fields (-~ § T) can be obtained.
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Having the two coupled channels on top of each other allows for a
pp machine which can have as many bunches as required without being
beset with the problem of bunch separation as the one channel pp
option. However, since this configuration does not provide a pp option, it

is not considered any further.

These arguments favour very clearly the side-by-side, two channel pp
collider with one magnetic circuit; it holds the promise for top pp
performance while leaving the door open for pp physics. The machine
study focussed on this option because it also appears as the more

demanding one from the technological point of view.

The second option which has received some attention is the
one-channel, high field pp collider. These two options represent in a
certain sense two extrema and, therefore, provide a good coverage of the

total range of possibilities.

Before turning to the machine performance of these two options we cast
first a glance at the detector performance, Fig. 4.2 shows a graph of
luminosity L versus the time Tx elapsing between two bunch collisions in
the detector. Also drawn are lines of constant L.Tx: along those lines
the number of events <n> per bunch collision is constant for a given total
proton-proton cross-section L. Since it is very difficult to handle more
than one event per bunch collision, the line 1x1025 c.‘.m°2 therefore becomes
an upper limit of the working region for a total cross-section of 100 mb.
The maximum possible trigger-rate of the detector puts a lower limit on
Tx providing a boundary on the left. One of the results of the workshop
was that values for Tx as low as 25 ns are conceivable without being a too
hard limit. Thus it can be seen that a luminosity of about ‘.1032 could
be obtained if the operating points of the machine were put at the top
left corner of the region allowed for by the detector performance. For
physics investigations which can accept a higher <n>, luminosities

< 1.5x10°° (em?s™') could possibly be reached.
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From the machine point of view this high luminosity operating point
is indeed feasible. The number of bunches k is between 3000 and 4000. In
order to make the bunch-to-bunch distance a multiple of the RF wave-length
only discrete values of k are permitted. The value of 3564 fulfils this
requirement and was chosen as nominal value. The graph also indicates the
total number éf particles which does not appear to be excessive since it
corresponds to a few SPS pulses only at the present performance level.

The stored energy in the beam remains acceptable in the range under
consideration; it reaches 70 MJ at N = 5x10‘3. The beam- beam effect,
imposing a limit on the number of particles per bunch, is of not much
concern because it cannot become very strong as long as the constraint of
one event per collision is respected. The bunch intensity also seems low
enough such that beam instabilities are avoided or can be dealt with by

feed-back systems. Table 4.1 gives a list of important parameters.

If detectors with a higher trigger rate were developed, the operating
point could move upwards along the line L.Tx = const. and eventually
approach L = 10°3 em?s™! tor T, = 10 ns. However, this implies an
increase of the total number of particles N which in turn means more
stored energy in the beam. The increased number of bunches makes the beam
also more prone to coupled-bunch instabilities. For this reason it is
preferred to keep the nominal number of bunches at 3564, in agreement with
the presently estimated detector performance, and to work out a consistent
set of parameters on this basis, though it is not unreasonable to expect

the eventual operating point somewhere in the shaded area of Fig. 4.2.

In the pp option the luminosity is limited by the total number of
antiprotons NB available at each filling of the machine. This number is
determined by the equilibrium between the p accumulation rate in the
collector ring and the decay rate in LHC. As explained under point 4.3 we
may expect Nb = 1012 with the new antiproton source under construction
in CERN. This imposes an upper limit on the luminosity around
1.5x1031 cm-zs'1. In order to minimize the number of unwanted bunch
cro#sings in the one-channel machine, this limited number of antiprotons
is distributed over the minimum number of bunches cdmpatible with the requi-

rement of one event per bunch collision. This leads to the working point
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shown in Fig. 4.2 for NB = 1012 and, taking into account the constraints
by the RF system, to 108 bunches in the machine, corresponding to a

T = 825 ns.

X

If a ten times more powerful antiproton source became available, the
luminosity could in principle be increased to a level of about 1.5x1032.
However, as can be inferred from Fig. 4.2, this leads either to an
elaborate system for bunch separation at about 2000 unwanted crossing
points, which becomes especially tricky near the interaction points, or to
many events per bunch collision in the detector which is hardly
acceptable. Obviously, a wide range of combinations in between these two
extrema exists but all of them are beset with the problem of beam
separation and multiple events per bunch collision. Thus it seems to be
difficult to exploit a more powerful source for peak luminosity. It should
be noted, however, that the luminosity averaged over a run can be much
improved by a better source beause the machine filling can be more

frequent. More details are given under point 4.3.

4.2. The pp option

4.2.1. Parameters and performance
Fig. 4.3 shows schematically the ring layout with the 8 interaction

points. The two beam channels are separated horizontally by < 180 mm, the
insertions are designed such that the beaﬁs cross with a small angle of 96
pyrad in the interaction points. Detectors can be put over at least six
intersection points. Two long straight sections are reserved for the
dumping of the beam though it might be possible to put eventually both
dump systems into one straight section. Fig. 4.4 gives a cross-section of
the LEP tunnel with the dipole of the LHC above the LEP magnets. It is
apparent that the space available for the Hadron Collider is adequate. The
assumption of installing it in the LEP tunnel determines the circumference
which should be equal to that of LEP, 26658 m, within a very small margin;
the number and length of the straight insertions, eight insertions of
about 490 m length; and the average radius of the arcs, R = 3494 m.
Because of the fixed radius, the maximum ehefgy in each beam becomes a
function of the magnetic field in the dipoles and of the layout of the LHC

periods. A dipole field B = 10 T is assumed.
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The two proton beams are assumed to be bunched. Collisions between
the bunches occur only in the interaction regions. This is achieved by a
small crossing angle between the twe beams. Bunched beams are preferred
over coasting beams because they hold the promise of a higher luminosity
for a given circulating current, and also because the energy loss due to

synchrotron radiation is automatically compensated by the RF system.

From the users’' point of view, the most important parameters are the
luminosity L, the bunch spacing Tx and the average number of events per
bunch crossing <n> related by

<n> = L . Tx . L
where [ is the total proton-proton cross-section. During the workshop a
consensus was reached that, in the most general case, <n> should not exceed
unity. For a cross-section of 100 mb, this means that the product L.Tx
should not exceed a value of 1025 cm-z. Given this constraint, the largest
luminosity is obviously achieved with th; smallest possible Tx which can
be obtained by the machine and is still acceptable by the detector. The
bunch spacing in time Tx cannot be varied continuously because it must
be a multiple of the RF wave-length in the LHC and in the SPS. However,
the step-size is sufficiently small (5 ns) in the range between §5 and
35 ns such that the machine can produce the smallest bunch spacing the
trigger of the detsctor can cope with. Since it seems that the detectors
can handle bunch spacings as low as 25 n3. this spacing was adopted
provisionally as nominal value in order to have a basis for one consistent
set of parameters. However it should be noted that each of the possible
bunch spacings needs a special RF system in the PS. Thus the bunch

spacing cannot be changed at a moment's notice.

It can be seen from Fig. 4.2, which gives a synopsis of all these
limits based on the parameters given before, that the maximum luminosity
is 4x1032 cm'2 s1 for Tx = 25 ns and <n> = 1. Although the machine
operation would become more difficult, it is not unconceivable that the
luminosity could eventually approach or even exceed 1033 cm‘z s'1 provided
a smaller Tx or a larger <n> is acceptable for the detector. This is

indicated by the shaded area around the nominal working point in Fig. 4.2.

In order to simplify the presentation, the beam emittances and the
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amplitude functions B* in tﬁe interacti;n bsinis in the horizontal and
vertical plane are supposed to be equal. The normalized beam emittance is
assumed to be the smallest one that can be obtained from the injector
chain, namely we = Luyuzlﬂ = 57 ym. A larger emittance would increase

the required number of particles and the stored energy in the beam, which
is undesirable. Not much benefit could be drawn from the concurrent
reduction of the beam-beam tune shift. Even with the small emittance the
tune shift is only 1.3x10'3 which is well below from the maximum tolerable
value of 0.0025 derived from our SppS experience. This margin is also
apparent from Fig. 4.2 where the beam-beam limit is indicated. The
amplitude function B* at the interaction points is set to 1 m. Table 4.1
gives the main performance parameters. Two sets of performance figures
are given : the first Séf respect the <n> = 1 criterion, the second set
corresponds to the beah-beam limit. Each of these sets can be combined

with each of the lattices given in the Table.
Table 4.1 : GENERAL PARAMETERS AND PERFORMANCE

GENERAL PARAMETERS

COLLIDER TYPE IN LEP PROTON-PROTON
SEPARATION BETWEEN ORBITS (mm) 165-180
NUMBER OF BUNCHES : A 3564
BUNCH SPACING (ns) 25
NUMBER OF CROSSING POINTS 8
BETA VALUE AT CROSSING POINT (m) . 1
NORMALIZED EMITTANCE 4“102/B (um) 5w
FULL BUNCH LENGTH (m) 0.31
FULL CROSSING ANGLE (prad) 96
LATTICE PERIOD LENGTH (m) 79 158
LATTICE PHASE ADVANCE w/3 w/2
DIPOLE MAGNETIC FIELD (T) . 10 10
OPERATI“G BEAM EMERGY (TeV) 8.14 8.99
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PERFORMANCE
<n> at £ = 100 (mb) 1 4
LUNINOSITY (em 2s™') ex10°° 1.5x10°°
NUMBER OF PARTICLES/BUNCH 1.35x10' " 2.6x10'°
CIRCULATING CURRENT (mA) 87 167
BEAM-BEAM TUNE SHIFT 0.0013 0.0025
BEAM STORED ENERGY (MJ) 63 121
RMS BEAM RADIUS (pm) 12
BEAM LIFE-TIME (H) 40 20

4
at interaction point for 8 = 1 m

particle loss due to beam-beam collisions

The lattice consists of modules similar to the LEP lattice each

having a specific function

- In the insertions, the separation between the two rings is gradually
reduced to zero. The two beams are brought into collision at the
interaction points with a small crossing angle. The interaction
points are surrounded by low-B insertions which minimize the beam
cross section and hence maximize the luminosity. The dispersion and
its derivative are made to vanish at the interaction points.

- The dispersion suppressors match the dispersion and the betatron
functions between their values at the end of the insertions to the
values in the regular cells of the arcs.

- The arcs contain regular lattice cells.

The lattice work was concentrated on the insertions and the arcs.
The properties of the insertions are particularly relevant to the design
of experiments to be installed there, and to the performance estimates.
The arcs occupy most of the LHC circumference, and hence present a large
fraction of the total cost. Their parameters also determine to what

extent collective effects present performance limitations.
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The LEP arcs and their support and supply systems are built in
modules. Their lengths correspond to half a cell, i.e. 39.5 m. 1In the
absence of any compelling reason to do otherwise, we have limited the
choice of LHC cell 1engths to 79 and 158 m, associated respectively with
60° and 90° betatron phase advance. Fig. 4.5 shows the layout of the
magnetic elements‘in'a cell. Since dipoles and quadrupoles are powered in
series, all tune adjustments will have to be done in the insertions. The
correction dipoles_adjust the horizontal orbit in one ring and the
vertical one in the other ring, and vice versa, because the quadrupoles

focuse in opposite directions in the two rings.

Among the possible'afrangements for the low-f insertions we have
adopted the one in which the strong focusing quadrupole triplet is closest
to the interaction point. It is followed by dipoles which complete the
separation of the two counter-rotating beams. This arrangement has the
advantage that the quadrupoles have the smallest possible distance from
the interaction point. It therefore holds the promise of a smaller value
of the amplitude funciton B* at the crossing ‘point, and hence of a higher
liminosity for a giveﬁ circulating current. The quadrupoles could be
installed with an horizontal displacement so that their fields contribute
to the beams separation. Fig. 4.6 shows a schematic layout and the optical
functions. The quadrupole gradients are‘250 T/m, the standard value in
the lattice period. The valué Bf can bé increased by a factor 3 in order
to overcome aperture restrictions and chromaticity problems during
injection and energy ramping. The free space for the experiment between

the quadrupoles is + 10 m.

Two different inner diameters of the dipole coils were assumed for
the study. The larger one (50 mm) allows for 40 mm inner diameter of the
vacuum chamber; the smaller one (35 mm) leaves only 30 mm as inner pipe
diameter, which precludes the use of the 90°', higher energy lattice as

the injected beam diameter is 18 mm in this case.

The inner radius of the coil packages in the magnets also influences

the field errors which are the larger the smaller the coil radius. The
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field errors arise from two main phenomena, the persistent currents whose
effect is most noticeable at low magnetic fields, i.e. at injection, and

the position tolerances of the superconducting wires.

The dominant effect due to the persistent currents is a large
sextupole componént in the field of the &ipoles. In any given magnet,
this component is reproducible from cycle to cycle. However, between
dipoles there is a random variation. The chromaticity was compensated by
appropriately exciting the sextuboles next to the quadrupoles in the LHC
periods. The remaining tune variation with the momentum error is quadratic
in Ap/p and the sextupolar field error. It is shown in Fig. 4.7. The
maximum stable betatron_amplitude was found by computer tracking as a
function of the tuné,,aﬁd of the systematic and random field sextupole
coefficients due to the persistent currents. An example of the results is
shown in Fig. 4;8. Both the tune spread and the quimum stable betatron
amplitude are marginal, pointing to the need of a loéal compensation of

the persistent currents in the dipoles.

The widths of non-linear resonance stop—bands due to the position
tolerances of the superconducting wires were calculated. They are

comparable to those in operating machines.

Intra-beam scattering imposes a minimum longitudinal emittance of the
order of 2.5 eVs. This value is also sufficient to stabilize the beam
against most of the presently known collective effects. Betatron tune
spread through non-linearities and simple feedback systems can be used to

suppress the remaining instabilities.

Most of the intensity dependent effects of importance in the LHC
arise from the interaction of the beam with the vacuum chamber surrounding
it. Therefore the relevant properties of the vacuum chamber must be
carefully considered. Beam induced wall currents will heat the vacuum
chamber, and together with the synchrotron radiation, contribute to the
head load of the cryogenic system. Table 4.2 shows the heat losses per
unit length from the two counter-rotating beams averaged over the arcs.

The effect of the resistive wall has been calculated considering a
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copper-plated vacuum chamber with a‘surface resistance of 10-3 Q at 500 MHz.

Table 4.2
-1
Heat-loss Wm
Resistive wall .014
Broad-band Py .09
Bellows ’ .026
Synchrotron Radiation .24
Total .37

All intensity dependent effects discussed above are evaluated in the
most difficult case of the 79 m long cell and a vacuum chamber radius of
15 mm. For the other lattice (158 m cell length) or a larger chamber
radius the beam stability is increased. The number of bunches is 3564 and
the total intensity'pgr beam considered is 9.-3x1013 which corresponds to

the highest possible beam-beam limited luminosity.

Eventdally, a choice will have to bg made between the two period
lengths, and the two vacuum chamber diameters. The arguments entering the
choice are the maximum energy, the siie'of the RF system, the good field
region of the magnets, field errors due to persistent currents and coil
position errors in the dipoles, and collective phenomena. The advantages

and disadvantages of these choices are shown in Table 4.3.

The only advantage of the lattice with Lp = 158 m is its higher
maximum energy. The persistent current and colil position effects are more
difficult in this lattice. Whether or not they can be handled remains to
be seen. If a reduction in the maximum energy by about 107 is of little

concern, this lattice could be dropped.
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Table 4.3 : COMPARISON QF CHOICES

Period length 79 79 158 158 m
Chamber radius 15 20 15 20 mm
Energy 8.136 8.136 8.993 8.993 GeV
RF voltage 16 186 28 28 MV
Required good field radius 10 10 14.5 14.5 mm
Persistent currents ? 0K ? ?

Coil position ? 0K ? ?

The persistent current and coil position effects have so far been
evaluated only for an inner cecil radius of 25 mm. The persistent current
effects were found to be marginaly acceptable, in particular when random
variations from magnef to magnet are taken into account. This effect
becomes more serious when the coil radius is reduced. The width of
non-linear resonances due to coil position errors was compared to that due
to the beam-beam effect, and found to be much smaller than the latter for
an inner coil radius of 25 mm and non-linear resonance of order 4 or
higher. Even when the inner co9il radius is reduced to 17.5 mm, the
resonance width due to coil position errors remain smaller than those due

to the beam-beam effect.

With the parameters assumed a crossing angle of 96 uprad is large
enough to ensure a separation at the first near-crossing. The long range
be