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5 
Future Circular Collider Study 
FCC Kick-Off 2014 

A conceptual design study of options for a future high-
energy frontier circular collider at CERN for the post-LHC 
era shall be carried out, implementing the request in the 
2013 update of the European Strategy for Particle Physics. 
  
Many results of the study will be site independent.  
 
The design study shall be organised on a world-wide 
international collaboration basis under the auspices of the 
European Committee for Future Accelerators (ECFA) and 
shall be available in time for the next update of the 
European Strategy for Particle Physics, foreseen by 2018. 
 

Scope 



!2

5 
Future Circular Collider Study 
FCC Kick-Off 2014 

A conceptual design study of options for a future high-
energy frontier circular collider at CERN for the post-LHC 
era shall be carried out, implementing the request in the 
2013 update of the European Strategy for Particle Physics. 
  
Many results of the study will be site independent.  
 
The design study shall be organised on a world-wide 
international collaboration basis under the auspices of the 
European Committee for Future Accelerators (ECFA) and 
shall be available in time for the next update of the 
European Strategy for Particle Physics, foreseen by 2018. 
 

Scope 



Ever since Galileo …
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Ever since Galileo …
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Phenomena············· Laws 



Explore 

Search 

Measure
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Two New Laws of Nature +

Interactions: SU(3)c � SU(2)L � U(1)Y gauge symmetries
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✴ A force of a new character, based on 
interactions of an elementary scalar 

✴ A new gauge force, perhaps acting on 
undiscovered constituents 

✴ A residual force that emerges from strong 
dynamics among electroweak gauge bosons 

✴ An echo of extra spacetime dimensions

A hitherto unknown agent  
hides electroweak symmetry
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The Importance of the 1-TeV Scale

EW theory does not predict Higgs-boson mass 
Thought experiment: identify a tipping point

•  If bound is respected, perturbation theory is 
“everywhere” reliable 

•  If not, weak interactions among W±, Z, H become 
strong on 1-TeV scale

New phenomena are to be found around 1 TeV

provided  MH ≤ (8π√2/3GF)1/2 ≈ 1 TeV
_

W+W –, ZZ, HH, HZ satisfy s-wave unitarity,
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Issues for the Future (Starting now!)

1. What is the agent of EWSB? There is a Higgs boson!  
Might there be several?  
2. Is the Higgs boson elementary or composite? How 
does it interact with itself? What triggers EWSB? 
3. Does the Higgs boson give mass to fermions, or 
only to the weak bosons? What sets the masses and 
mixings of the quarks and leptons? (How) is fermion 
mass related to the electroweak scale?	

4. Are there new flavor symmetries that give insights 
into fermion masses and mixings? 
5. What stabilizes the Higgs-boson mass below 1 TeV?
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Issues for the Future (Now!)

6. Do the different CC behaviors of LH, RH fermions 
reflect a fundamental asymmetry in nature’s laws? 
7. What will be the next symmetry we recognize? Are 
there additional heavy gauge bosons? Is nature 
supersymmetric? Is EW theory contained in a GUT? 
8. Are all flavor-changing interactions governed by the 
standard-model Yukawa couplings? Does “minimal 
flavor violation” hold? If so, why? 
9. Are there additional sequential quark & lepton 
generations? Or new exotic (vector-like) fermions? 
10. What resolves the strong CP problem?
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Issues for the Future (Now!)

11. What are the dark matters? Any flavor structure? 
12. Is EWSB an emergent phenomenon connected 
with strong dynamics? How would that alter our 
conception of unified theories of the strong, weak, 
and electromagnetic interactions? 
13. Is EWSB related to gravity through extra 
spacetime dimensions? 
14. What resolves the vacuum energy problem? 
15. (When we understand the origin of EWSB), what 
lessons does EWSB hold for unified theories? … for 
inflation? … for dark energy?
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Issues for the Future (Now!)

16. What explains the baryon asymmetry of the 
universe? Are there new (CC) CP-violating phases? 
17. Are there new flavor-preserving phases? What 
would observation, or more stringent limits, on 
electric-dipole moments imply for BSM theories? 
18. (How) are quark-flavor dynamics and lepton-flavor 
dynamics related (beyond the gauge interactions)?  
19. At what scale are the neutrino masses set? Do 
they speak to the TeV scale, unification scale, Planck 
scale, …?
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Issues for the Future (Now!)

16. What explains the baryon asymmetry of the 
universe? Are there new (CC) CP-violating phases? 
17. Are there new flavor-preserving phases? What 
would observation, or more stringent limits, on 
electric-dipole moments imply for BSM theories? 
18. (How) are quark-flavor dynamics and lepton-flavor 
dynamics related (beyond the gauge interactions)?  
19. At what scale are the neutrino masses set? Do 
they speak to the TeV scale, unification scale, Planck 
scale, …?

20. How are we prisoners of conventional thinking?
!11



Is it the standard-model Higgs boson?

Do not get ahead of the evidence!

How well must we know its properties?
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Standard-model Higgs boson 
hides electroweak symmetry,  
gives masses to W± and Z0,  

ensures good high-energy behavior.
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Standard-model Higgs boson 
hides electroweak symmetry,  
gives masses to W± and Z0,  

ensures good high-energy behavior.

W+W– → top pairs …



Puzzle #1: Expect New Physics on TeV scale  
to stabilize Higgs mass, solve hierarchy problem,  
but no sign of flavor-changing neutral currents.  
Minimal flavor violation a name, not yet an answer

Puzzle #2: Expect New Physics on TeV scale  
to stabilize Higgs mass, solve hierarchy problem,  

but no quantitative failures of EW theory

Great interest in searches for  
forbidden or suppressed processes

arXiv:0905.3187
!14

http://arxiv.org/abs/arXiv:0905.3187
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Figure 2: Left, scan of the ratio of the joint likelihood for B(B0
s ! µ+µ�) and B(B0 ! µ+µ�).

As insets, the likelihood ratio scan for each of the branching fractions when the other is pro-
filed together with other nuisance parameters; the significance at which the background-only
hypothesis is rejected is also shown. Right, observed and expected CLS for B0 ! µ+µ� as a
function of the assumed branching fraction.
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Figure 3: Plots illustrating the combination of all categories used in the categorized-BDT
method (left) and the 1D-BDT method (right). For these plots, the individual categories are
weighted with S/(S + B), where S (B) is the signal (background) determined at the B0

s peak
position. The overall normalization is set such that the fitted B0

s signal corresponds to the total
yield of the individual contributions. These distributions are for illustrative purposes only and
were not used in obtaining the final results.

FCNC:
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Electric dipole moment de
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de < 8.7 x 10–29 e· cm 
!

ACME Collaboration, ThO

(SM phases: de <10–38 e· cm)

http://www.sciencemag.org/content/343/6168/269.full.html
http://arxiv.org/abs/1311.5537
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The unreasonable effectiveness	

of the standard model



How might QCD Crack?

(Breakdown of factorization) 
Free quarks / unconfined color 
New kinds of colored matter 

Quark compositeness 
Larger color symmetry containing QCD

QCD could be complete, up to MPlanck

… but that doesn’t prove it must be
Prepare for surprises!

!18
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Correlations among the partons?

A proton knows it is a proton.  
Single-spin asymmetries imply correlations.  

What else?

q

q q

q
q q

q
q q

Bj
or

ke
n 

(2
01

0)

Can we distinguish different configurations? 
Interplay with multiple-parton interactions?



2.5 3.0 3.5 4.0
log(Q [GeV])
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SM: 7/2

MSSM: 3/2

Might LHC see the change in evolution?
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Supercollider physics 
E. Eichten 
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510 

I. Hinchliffe 
Lawrence Berkeley Laboratory, Berkeley, California 94720 

K. Lane 
The Ohio State University, Columbus, Ohio 43210 

C. Quigg 
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510 

Eichten et al. summarize the motivation for exploring the 1-TeV (= tol2 eV) energy scale in elementary 
particle interactions and explore the capabilities of proton-(anti)proton colliders with beam energies between 
1 and 50 TeV. The authors calculate the production rates and characteristics for a number of conventional 
processes, and discuss their intrinsic physics interest as well as their role as backgrounds to more exotic 
phenomena. The authors review the theoretical motivation and expected signatures for several new phe-
nomena which may occur on the 1-TeV scale. Their results provide·a reference'point for the choice of 
machine parameters and for experiment design. 
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I. INTRODUCTION 

The physics of elementary particles has undergone a re-
markable development during the past decade. A host of 
new experimental results made accessible by a new gen-
eration of particle accelerators and the accompanying ra-. 
pid convergence of theoretical ideas have brought to the 
subject a new coherence. Our current outlook has been 
shaped by the identification of quarks and leptons as fun-
damental constituents of matter and by the gauge theory 
synthesis of the fundamental interactions. 1 These 
developments represent an important simplification of 

1For expositions of the current paradigm, see the textbooks by 
Okun (1981), Perkins (1982), Aitchison and Hey (1982), Leader 
and Predazzi (1982), Quigg (1983), and Halzen and Martin 
(1984) and the summer school proceedings edited by Gaillard 
and Stora (1983). 

Copyright @ 1984 The American Physical Society 579 

1984:
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http://rmp.aps.org/abstract/RMP/v56/i4/p579_1


1983-1984 was also a charmed time

Neutral currents 
Parity violation in ed 

c, τ, b discoveries 
W, Z discovery  

Importance of TeV scale recognized 
Tevatron (SC synchrotron) operated 

Supersymmetry invented 
SSC conceived, parameters not fixed

!22



Very primitive tools:  
No suitable pdfs

SUSY σ computed 
for p±p and e+e– 

 
Potential of  VBF recognized

Detectors limited to 1032?  
No SVX

!23

http://lss.fnal.gov/conf/C8206282/pg361.pdf


Explicit calculations + Parton luminosities
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FIG. 37. Quantity (T/S')d.Y /dT for uu interactions in proton-
proton collisions. 

study of conventional sources of jets will be an important 
prelude to multijet spectroscopy, which may be an ex-
tremely valuable search technique. It may even be possi-
ble, in time, to use jets as a parton luminosity monitor, as 
Bhabha scattering is used in e + e- collisions. The study 
of hadronization and the investigation of differences be-

B. Two-jet final states 

6 
10 

5 
10 

10 

3 
10 

10 .0 
5 

10 
1-, 

1 

" cc;;- 10 
....... 

-1 

1- -2 
10 

-3 
10 

-4 
10 

-5 
10 

-6 
10 

FIG. 38. Quantity (T!S')d.Y !dT for ud interactions in proton-
proton collisions. 

tween quark jets and gluon jets benefits in an obvious way 
from high jet energies and from the possibility of tagging 
(or enriching a sample of) quark or gluon jets. Finally, 
tests of short-distance behavior such as searches for evi-
dence of compositeness, rely on an understanding of the 
behavior anticipated in QCD. 

The reactions that may occur at lowest order (a;) in QCD all are two-body to two-body processes leading to final 
states consisting of two jets with equal and opposite transverse momenta. The cross section is conveniently written in 
terms of the rapidities y 1 and y 2 of the two jets and their common transverse momentum p 1 . (Here and throughout this 
paper, we neglect the intrinsic transverse momentum carried by the partons.) It is 
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tured in Fig. 73. The elementary cross section for this 
process is 

a -- = sa;((2+{l 2 ) (_±__ __ 1_] (qjqj gg) A A,-,.. A2 • 
3s 9t u s 

(3.12) 

The cross section for the inverse process, for which the 
diagrams are shown in Fig. 74, differs only in the color 
average [( t )2 rather than ( + )2]. It is 

. 3a2(;'2+{l 2 ) ·[ 4 1 ] a(gg.-q·q-. > = 3 • 
I I 88' 9t (j g-2 (3.13) 

The scattering of a gluon from a quark or antiquark is 
driven by the s-, t-, and u-channel exchanges shown in 
Fig. 75. The cross section may be expressed as 
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(3.14) 

Gluon-gluon scattering proceeds by a contact term in 
addition to gluon exchanges in s-, t-, and u-clupmels (see 
Fig. 76). The elementary cross section is 

9a2 [ A,-,.. AA AA] A a tu su st u(gg---+gg)=- 3------28' §-2 (2 (j2 
(3.15) 

Before Eq. (3.2) can be evaluated, we must fix the scale 
M 2 appearing in the structure functions and the scale Q2 

at which a,(Q 2 ), the running coupling constant of the 
strong interactions, is determined. If QCD perturbation 
theory is to apply, these scales should be characteristic of 
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Parton luminosity contours
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FIG. 61. Contours of (r/S')d.!L' /dr for gg interactions in p± p 
collisions according to the parton distributions of Set 2. Lines 
correspond to 10\ 103, 102, 10, 1, and 0.1 pb. 

different sets of distribution functions. The differences 
can be seen by comparing Figs. 82(a) (Set 2) and 82(c) (Set 
1). There we have plotted recent data from the UA-1 ex-
periment (Amison et al., 1983d) and the UA-2 experiment 
(Bagnaia et al., 1983a,1984). The errors plotted there are 
statistical only. For the UA-1 data, there is in addition a 
±7.5% uncertainty in the p1 scale, which has the effect 
of an overall normalization uncertainty of a factor of 
( 1. 5) ± 1• The overall additional systematic uncertainty in 
the UA-2 data is ±40%. The precise agreement between 
the data and our calculation is thus better than one has a 
riyht to expect. If the scale Q2 is increased-say, to 
p 1 -then the cross section falls slightly. This can be seen 
in Fig. 82(b). This effect is less impo_rtant at higher ener-
gies. 
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The presence of t-channel and u-channel poles in the 
cross sections &IJ means that at fixed values of 

cross sections are peaked in the forward and back-
ward directions in the parton-parton c.m., which is to say 
at large values of y*. For a fixed value of p 1 the mean 
values of X 0 and xt, increase at large values of y*. The 
consequent fall in the parton distributions tends to reduce 
the peaking in the elementary cross sections. Figures 
84-89 show the quantity du/dp1 dYboostdy* for fixed 
values of Yboost and p 1 • As Yboost increases for fixed 
values of y* and p 1 , X a increases and xb decreases [ cf. 
Eqs. (3.5) and (3.6)]. Because of the rapid decrease of the 
parton distributions at large x (faster for gluons than for 
valence quarks), this causes the cross sections to fall, and 
moreover changes the relative contributions of different 
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FIG. 64. Contours of (r/S')d.!L' !dr for uii interactions m pp 
collisions according to the parton distributions of Set 1. Lines 
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Collider energies Vs are given in TeV. 

(-)(-) (-)(-) . nal states ( q q - q q and gg-ijq, dashed hnes). In 
our calculations we have included six quark flavors, 
without any threshold suppression. Over the kinematic 
range of interest, this approximation ·teads to negligible 
errors in the rate estimates. At small transverse momen-
tum the two-gluon final state dominates. This is a conse-
quence of the large cross section (3.15) for the reaction 
gg-gg and the large gluon distribution at small values of 
x (cf. Fig. 5). Asp 1 increases, the gluon-quark final state 
grows in importance, and at the very largest values of Pl. 
the two-quark final state dominates. At 9<f, the two-
quark regime is essentially unreachable. For an integrated 
luminosity of J .2! dt= 1040 cm-2 at 40 TeV, we expect 
no more than one event per year per GeV I c of p 1 per unit 
of rapidity in this region. 
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FIG. 58. Contours of (r/S')d.Y /dr for uii interactions in pp 
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Figure 80 shows the effect of a change in the distribu-
tion functions (to Set 1, with A=200 MeV) at Vs =40 
TeV. The resultant change is quite small: a 10% decrease 
at p 1 = 1 TeV I c. While we cannot be certain that this 
represents the widest variation to be expected from 
changes in the parton distributions, it does give us confi-
dence·that reasonable changes in the distributions will not 
lead to wild variations in the conclusions. 

Proton-proton and proton-antiproton jet cross sections 
at 9<f are essentially equal at Vs = 10 TeV, and of course 
at higher energies. The proton-antiproton cross section is 
plotted in Fig. 81, to be compared with Fig. 77. For com-
pleteness we show in Figs. 82 and 83 the jet cross sections 
in pp collisions at 540 GeV and 2 TeV. At these low 
values of p 1 the results are slightly more sensitive to the 

10 

-1 
10 

pp(ug) 

Set2 

10 ..ts (TeV) 

FIG. 60. Contours of (r/S')d.Y /dr for ug interactions in pp 
collisions according to the parton distributions of Set 2. Lines 
correspond to 104, 103, 102, 10, 1, and 0.1 pb. 
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FIG. 104. Discovery reach of hadron colliders for the observa-
tion of two-jet events, according to the parton distributions of 
Set 2, for integrated luniinosities of 1038, 1039, and lOW cm-2• 

ate boson Z 0, and an elementary Higgs scalar H 0• 
The principal standard model issues to be addressed 

with a multi-TeV hadron collider are these. 
eThe rate of w± and Z 0 production. This is chiefly of 

interest for investigations of the production mechanism 
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FIG. 105. Parton composition of the two-jet final states pro-
duced in pp collisions at 90• in the c.m. The curves separate the 
regions in which gg, gq, and qq final states are dominant. 
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FIG. 106. The total cross section for two jets integrated over y 1 

and Yz and ET (=2 PTl subject to the constraints IY1 I, 
I Yz I < 2.5, and ET > ET0 as a function of ET0 for various Vs, 
according to the parton distributions of Set 2. 

itself and for the study of rare decays of the intermediate 
bosons. We expect that by the time a supercollider comes 
into operation more basic measurements, such as pre-
cision determinations of the masses and widths of the in-
termediate bosons, will have been accomplished. 

eThe cross sections for pair production of gauge bo-
sons. These are sensitive to the structure of the trilinear 
couplings among gauge bosons, and must be understood 
as potential backgrounds to the observation of heavy 
Higgs bosons, composite scalars, and other novel phenom-
ena. They would also be influenced significantly by un-
conventional strong interactions among the gauge bosons 
(Veltman, 1983). 

eThe Higgs boson itself. In the standard electroweak 
model, this is the lone boson remaining to be found. As 
we have emphasized in the Introduction, elucidating the 
structure of the Higgs sector is one of the fundamental 
goals of experimentation in TeV regime. 

We now shall treat in turn the conventional phenomena 
associated with the standard model. For each of 'them we 
shall briefly review the physics interest and discuss the 
anticipated rates. In the case of the Higgs boson, we shall 
pay particular attention to. the prospects for observing and 
making sense of the expected experimental signatures. 

A. Dilepton production 

In the context of the 1-TeV scale, the reaction 

p±p-z+z-+anything (4.1) 
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It is premature to develop the 
scientific case for the “100-TeV” collider,  

 
but the right time to explore possibilities.  

 
What we do for “100-TeV” 

can enhance what we achieve with LHC  
 

LHC might point to an energy landmark
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Explore a range of collider energies; 
investigate Luminosity / Energy tradeoffs

Develop examples that will stretch  
detector capabilities

Imagine special-purpose detectors

Develop tools that enable others  
to extend the work
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somewhat arbitrary. We encourage each reader to use the 
calculated cross sections to make an independent assess-
ment of collider capabilities. The parton luminosities 
presented in Sec. II provide a measure of collider capabili-
ties that is not tied to specific theoretical inventions. 

Throughout the text, we have called attention to areas 
in which further work is required. Many of these have to 
do with simulations of signals and backgrounds in the 
context of projected detector performance. A few are of 
such general importance that we restate them here. 

The detection and measurement of intermediate bosons 
w± and Z 0 in their nonleptonic decays should be a prior-
ity in detector development. Even if this can be achieved 
for only speeific topologies, the potential rewards in terms 
of reconstruction efficiency for new phenomena are con-
siderable. 

Missing transverse momentum is an important signal 
(or trigger) for a number of new phenomena. This places 
a premium on the development of "hermetic" detectors 
which detect with high efficiency all the hadronic and 
electromagnetic energy emitted in the central rapidity re-
gion characterized by I y I .$ 3. 

The ability to tag and measure heavy· quarks and tau 
leptons would significantly enhance the incisiveness of 
many searches. 

Other topics for study, including the better undersianding 
of conventional backgrounds, must not be neglected. 

Although we underline our hope that assiduous readers 
will arrive at their own conclusions, we cannot avoid stat-
ing those that we ourselves have drawn from this study. 
The most important of these is the conviction that a 
high-luminosity multi-TeV hadron collider will meet the 
objective of exploring the TeV energy scale and illuminat-
ing the nature of electroweak symmetry breaking. In 
more detail, we have come to the following conclusions. 

eWe are confident13 that a 40-TeV collider which per-
mits experimentation at integrated luminosities of 1039 

cm-2 will make possible a detailed exploration of the 1-
TeV scale. · 

eFor a 10-TeV device, the same guarantees cannot so 
comfortably be made. At this lower energy, the upper 
reaches of the expected mass rangeS for new phenomena 
are inaccessible, even at an integrated luminosity of 1040 

-2 em . 1 

We are not so foolish as to say that a 10-TeV collider is 
without interest, or to assert that our calculations prove 
that it is inadequate to the task of sorting out the physics 
of electroweak Symmetry breaking. We cannot state the 

13The only exceptions among the processes we have considered 
are the technirho of the minimal technicolor model and a heavy 
Higgs boson observable only in H--+Z0Z 0 .... !+[-[+[-. 

Rev. Mod. Phys., Vol. 56, No. 4, October 1984 

precise location of the dividing line between our confi-
dence at (40 TeV, 1039 cm-2) and our trepidation at (10 
TeV, 1040 em - 2). 

eBeyond the 1-TeV electroweak scale, we do not have 
specific landmarks in sight. However, the 1 /S'behavior of 
hard-scattering cross sections suggests that to exploit col-
lider energies higher than about 40 TeV fully requires an 
increase in luminosity as well as energy. 

eFor hard-scattering processes, the advantage- of Jip 
over pp collisions (at the same energy and luminosity) for 
the production of massive states is limited to a few special 
situations in which the presence of valence antiquarks is 
important and the integrated collider luminosity exceeds 
5 X 1038 em - 2• The general point is made clearly in the 
comparison of uii luminosities for pp and jip collisions 
presented in Fig. 57. A significant (factor-of-2) difference 
appearS for V S' 2:0.1 vS, corresponding to (x) 2:0.1 and 
parton-parton luminosities (r/S'>d.!Z' /dr_$10- 2 nb. The 
choice between pp and jip colliders should thus be based 
on accelerator and detector considerations. -

eThere is no general relationship that governs energy-
luminosity tradeoffs,. but a few rules of thumb are useful 
for orientation. 

(i) For a number of processes, and for 10 TeV 
.$Vs _$40 TeV with J dt 2" 2:1038 cm-2, a factor-of-10 
increase in luminosity is roughly equivalent to a factor-
of-2 increase in the c.m. energy. Processes for which this 
rule holds are those for which we deemed background 
unimportant, so that the discovery criterion was some 
number of events produced. Examples include the pro-
duction of massive quark pairs or additional intermediate 
bosons, and signals for compositeness in high-p 1 jets or 
high-mass dileptons. 

(ii) At fixed c.m. energy, physics reach increases much 
more rapidly with increasing 'luminosity below J dt.!? = 1038 em - 2 than it does above this value. This 
is easily understood from the shape of the parton lumi-
nosity curves, which fall more and more steeply as r=S'Is 
increases. 

(iii) Near 40 TeV and above, a tenfold increase in lumi-
nosity generally corresponds to more than a factor-of-2 
increase in c.m. energy. For central production of both 
low-mass and high-mass particles, this again can be un-
derstood from the shapes of the parton-parton luminosi-
ties (r/S')d.!Z' ldr as functions of sand r. 

(iv) Finally, of course, no increase in luminosity can 
compensate for c.m. energy below the threshold for a new 
phenomenon. 

All of our calculations have relied on the 
renormalization-group-improved parton model and the 
parton distribution functions we utilized in computations. 
There may be grounds for doubting that the· model is 
correct in detail, but it has been rather successful in 
correctly predicting the shape and even the approximate 
value of several quite diverse reaction distributions such 
as production of high transverse momentum jets, of 
high-invariant-mass lepton pairs, and of Ws and Z's. 
The model so far appears to give results accurate to 
within a factor of 2 or so, and that is sufficient for our 
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