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ABSTRACT

The physics potential of next generation colliders are
briefly reviewed, with emphasis on the CERN Large Hadron
Collider (LHC) and e*e” Linear Collider (CLIC). Results are
based on realistic calculations from several studies,
especially the 1987 La Thuile-CERN Workshop on Physics at
Future Accelerators.

Much of activity has been recently devoted to explore the
physics possibilities of next generation hadron and lepton
colliders, in the TeV region1"3. Indeed the success of the
standard SU(3)®SU(2)®U(1) gauge theory of strong and
electroweak interactions and, at the same time, its well known
limitations suggest that the frontier of new physics has to be
expected in the energy range up to the order of a TeV in the
parton-parton centre of mass. Although one may look forward to
major discoveries from experiments at present or next coming
machines as the SpHS collider, the Tevatron, the SLC, LEP and
Hera, it is unlikely that some specific issues of and beyond
the Standard Model, and foremost the problem of electroweak
symmetry breaking, will be settled there.

Over the past few years several studies! have been
undertaken in the USA to explore the physics possibilities of a
40 TeV c.m. energy Superconducting pp Supercollider (SSC). More
recently the discovery potentials of a Large Hadron Collider



(LHC) in the LEP tunnel, at 16 TeV c.m. energy, with an e-p
option at Vg = 1.8 TeVv, and of an ete” linear collider (CLIC) at
Vs = 2 TeV have been investigated at CERN?. In these studies a
comparison has been made of the physics interest and the
feasibility of experiments at the three types of particle

1

colliders, with nominal luminosities L = 1033 (—>10%) cm™?s™! for

the pp and e‘e” options.

In the present talk I will review the main physics points
emerging from the La Thuile-CERN Workshop. More detailed
considerations, as well as specific questions on experimental
instrumentation and machine performances, can be found in the

Workshop's Proceedings®.

Spontaneous symmetry breaking in the minimal Standard
Model® leads to the existence of a single neutral Higgs boson.
As well known, there is no precise prediction for its mass. One
can, however, use arguments of self-consistency to get
qualitative lower and upper bounds which usually place m, in
the range (10-1000) GeV, although there is no argument that m,
cannot be several TeV. For m; 2 1 TeV, where weak interactions
become strong, one has I, = nm3/2, where Iy, and m, are in TeV
units, and the particle identification becomes subtle. There is
however hope to find the Higgs at LEP in the channéls ee—ZH or
G(tE)—%Hy, provided the toponium 0 is in the LEP range7n At
future colliders experiments will be designed to detect the
Higgs boson with m, £ 0(1 TeV) and either it will be discovered

or the emergence of some new physics will be found.

Higgs production in pp collisions occurs via two dominant

mechanisms, the gg and WW(ZZ) fusion (see Fig. 1)
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The first?:8 dominates for low m,, and is very sensitive to
the spectrum of the heavy particles which could contribute in
the fermion The latter can be
ue A
large value Of‘me' which is presently suggested by the large

loop, in particular to m

top
computed9 10 quite unambigously and dominates for large m

mixing effects observed?l in the BE system, enhances sizeably
the gg mechanism, as shown in Fig.2 12,
Fig.3 0 for
represents & minimal reference value for future experiments,
the actual H production rate dependlnq critically upon mtp. The
question of the actual detection of the Higgs, according to the

Clearly the WW cross

section, shown in various beam energies,

value of its mass and the corresponding main decay modes, and
the critical problem of distinguishing the signal from the QCD

background, will be discussed later.

L1
an N PP
E-_ \ \ vEe20tsv
N \ . \
L VN (Me(32) —— =
\ N @) o=
8 \ \

109

\ « S
AY ~
\ ~
17t ® my =40Cav ~ : ]
E N
TSRS ISP SPVEPPE RN NN 16-8 N EFEIUUTS ENUPIVRNT CYOTRUtSS I
o 200 400 800 800 1000 500 o T80 1000 1230
- my (CeV) my {Cev)
FIG. 2 FIG. 3
In e*e” annihilation it is important to note that all cross

sections can be

cdtegories,

includes all processes th

and fall
pb/s (Tev?) ,

like

is dominant at LEP energies’.

falls.

s°1,

through Y+ ww

increase logarithmically with 8, as for example O(e*e” — WH) =

o 1n(s/M.?) /16M2.

computed precisely and they fall into two

Or  ZZ exchanges are scaled by M, "2

as the
A typical example is the reaction e*e™3Z—2ZH, which

according to their energy dependence.

They are shown in Fig.

The first

at are mediated by an s-channel Y or Z

BT

section © =10"1x

point

The cross section for e‘*e"—W'W- at
high energy is o ? 1ln(s/M W) /2s, with o, = 0/sin?@,,
On the other hand the cross
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The WW fusion mechanism has been studied estensively,
particularly when b%>2Mw.‘Previous estimates? in the real W
approximation, where one calculates WW—WW for real W's,
folding thereafter with the W structure functions - similarly
to the Weizsidcker-Williams approximation - have been recently
implemented by exact calculationsl®. In particular, exact
expressions have Dbeen derived for the differential cross
sections with respect to the Higgs trimomentum, which are
relevant for the background separation. For example the Higgs
p, distribution dG/delo, shown in Fig. 5, is peaked near p,=m,
for all values of Vs and m, of interest.

This feature plays an

important role in the S I A IR
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In case of a "light" Higgs (M,<m,<2M/), when the dominant
decay mode is into heavy quarks H—QQ, (Q = b/t for m,</>2m,),

ete” annihilation is practically the only viable mechanism for
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observing the Higgs. Indeed the peaking of the pPr-distribution
as p,=m.,, mentioned above, allows a clear separation of H—QQ
from the QQ pairs. produced through Yy and YW fusion - which is
the most relevant background - peaked at py=0. This is shown in
Fig. 6. On the contrary the detection is a2lmost impossible in
pp collisions, because of the overwhelming QCD background from
gg—Q0'%. Some rare decay mode (H=YY, T't") have been envisaged
to overcome the problem, particularly at SSC energies, but the
detection limitations are very severe. Therefore an e+e-
collider is the ideal facility for the discovering of a "light™"
Higgs.
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When mﬂ>2mmz, as well known, the main decay modes are
H—WW, 22 with I'(H—WW) /T (H—22) = 2, with I'H = m,>/2 for my,»2m,, .
In pp collisions the production cross sections are comfortably
large, as discussed above and explicitly shown in Fig. 3. The
main problem is the background and here the value of the energy
plays an important role. Indeed, for SSC, one can clearly use
the fully leptonic decay mode H—272-217T, reaching a discovery
limit of m.$l.2 TeV. At LHC, on the contrary, this decay mode
is not enough and a limit of only m,£0.6 can be obtained
through the channel H«ez-ev0+eé(uﬁ). On the other hand, the QCD:
background in the mixed channels Wjj or Zjj or even the 2zZ7
production with subsequent decay t—Db+W, when m_>m,, are
extremely hard to beat. The only hope of detecting heavy Higgs
in the hadronic final states is restricted to the possibility
of realizing an efficient system of tagging the outgoing
quarks, after the emission of the W's or 2's producing the

Higgs by fusion.

In e'e” annihilation the detection of the W's or Z's in the
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jet-jet mode, possible because of the absence of serious
background problems, compensates the lower absolute production
rates. The luminosity is the only crucial parameter which fixes
the upper bounds of the discovery 1limits. Indeed, for
L=1033(10%) cm2s"! one gets mgg0.7 (1.1) TeV. Luminosity is also
crucial for the detection of possible charged Higgs bosons,
which are almost an impossible task for pp machines. Indeed

"normal" charged Higgs, i.e. those expected in a natural
supersymmetric extension of the Standard Model, do not couple
as HWZ or HWwdy at the tree level. Therefore the production
rates in pp collisions are quite low and impossible to compete
with the QOCD background. In e*e” annihilation H*H™ pairs can be
produced via Y or 2 exchange or via VY, and if mg is not to
close to m, - the reactions e&8—W'W~ or YYW'W~ are otherwise a
serious problem - one can reach a limit!? m#$0.8 E_ . for L2103%3
cm?s71,

The production and detection of heavy quarks and leptons
of sequential type in the S.M. has been studied extensively and
does not pose any problem. The heavy leptons (guarks) are
expected to decay into W and v(q') and can be revealed up to
about 0.5 TeV (0.8 Tev) and 0.8 TeV (0.8 E in LHC and CLIC
respectively12'17. These upper limits are slightly higher for
SsC.

beam)

The study of the physics possibilities of LHC and CLIC in
a framework going beyond the Standard Model has been confinedl®
to a few topics - Supersymmetry, Additional Neutral Z' Bosons,
Compositness and Leptoquarks - also for complementarity to
previous studies!’3. Some qeﬁeral detector characteristics have
been assumed, which include energy and momentum resolutions}
granularity and angular coverage of the detector. The analysis
performed by the study group318 cover a variety of cases which
is hard to summarize shortly. We will just mention here a few
illustrative examples, giving emphasis, in particular, to

physics possibilities of CLIC.

The LHC machine can only produce sparticles with masses
0(1) TeV with observable cross sections if they are strongly
interacting, i.e. squarks or gluinos. Furthermore, because of
the high and difficult background situation for Jjets, a number

of different topological cuts have to be applied, .leading'l}B to
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a bound of about 1 TeV for . ?

the sparticle masses. The 2
SSC could reach out to =1.5 s 2
TeV. In Fig. 7 we show a 3 PP OLVE = 17 Tev
typical distributionl? for e
the process pp—§Yq assuming E
my » = 300 GeV and the decay o SLL oco
~ A g ~ e . =2 4,/ background
modes g-—-qq;g—>qY. Similarly EL/
in Table I a comparison of m,fﬁ
10 £
the expected SUSY signal/QCD 3 \
background is reported!8.19, ,fr:LAfLﬂL
E- \
=Y
167 4 E-
w0 ?
FIG. 7 E
10~'° 1 1
o. o.t 0.2 0.3 0.4 03 a.6
Xout {relative 10 sphericity axis)
TABLE I
Sparticle masses o Signial/background ratio (% of signal retairied)
(GeV) {mb)
m, mg No cut Er > 200 GeV xg > 0.24 Xout > 0.08
210 433 0.59 x 1073 0.21 13 (7.6%) 8.7 (6%) 94 (29%)
315 285 1.84 % 10~ 0.06 21 (42%) 14 (31%) 58 (50%)
350 305 0.47 x 10-¢ 0.21 5(27%) 4 (11%) 17 (32%)
525 475 1.3 x 107’ 0.06 3.3 (63%) 4.2 (417) 9 (54%)
700 1610 0.74 x 10~* 3.4 x 10”3 0.27 (65%) 0.1 (12%) 0.54 (40%%)
1050 950 1.92 x 10°* 8.4'% j0°? 0.75 (80%) 0.1 (52%) 0.2 (68%)

Supersymmetric events dare in general much cleaner at CLIC,
where all heavy, electroweakly interacting sparticles,
including sleptons can be produced. The cross sections are
generally small, since for producing a generic spin-0 s§ one

has
R =0 (e*e ™ ¥-3s8) /0 (e*e™yl) = 1/4Q.°N_B3,

where P=p/E, Q. is the charge of s and N, is the number of

colours it has (one for sleptons, three for squarks) . The
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standard pointlike cross section T ' T e
Clete —=Yy—Ul) = 4rna?/3s = 87 -
fb/[s(Tev?)] gives 220 MJ pairs %

per year at Vs=2 Tev, for L = 1033
1

= 10
Lo le*e -0 qqh:my=05E,

0 (e*e s & )im;= BE,
f

410}

-t

cm~?s” Some typical cross

sectionsl® for ee — sparticles are

Events per 1000 pb

shown in Fig. 8, including 2 and Y 01} 10
exchanges. To do some reasonable
physics one needs L = 4x10% cm™?s™! mg= O8E,
at Vs = 2 Tev, corresponding to 00 \\\\ S\
~103 pji/year. \\\\
1 ) | '
FIG. 8 0.2 05 16 2 34

The characteristic signature of supersymmetric particle
pair-production is events with missing energy, missing
transverse and total momentum, and dijet or dilepton final
states which are acollinear and acoplanar. A typical example20
is shown in Fig. 9, where the signal for e'e ™= u*l” is compared
to the background. In general, it can be concluded that CLIC,
with an integrated luminosity of about 50 fb™t at ds = 2 TeV,
would allow detection of almost all sparticles with electroweak
couplings in the mass range of 500 to 850 GeV.

Many different possible additional neutral gauge bosons 2’
occur in different models. Some have been considered in
previous studiesl. Superstring inspired models?! include extra
U(l) subgroups, in addition to the Standard Model
SU(3)®sU(2)®U (1) and therefore predict one or two new Z' with
masses §& 1 TeV. With a certain ambiguity on the models and the
corresponding 2' couplings, some illustrative exampleszz.for
the production cross-sections and the total widths of the 2'
are shown in Fig. 10 for pp collisions. One can clearly probe
for a high-mass Z' at the LHC, but CLIC could be used as a Z2'
factory to study its properties in great detail. This example

explicitly shows the complementarity of the two machines.

A concise and schematic Summarylzf18 of the discovery
potentials of the two machines, including also some limits

obtainable with the LHC ep option, are finally shown in Tables



II-III. It is clear that LHC represents the most natural
continuation of the actual physics programmes at CERN and
Fermilab, but it cannot compete with the physics expectations
from SSC. On the other hand a future high energy e'‘e” collider,
with a luminosity L » 1C033 cm 25!, could offer additional
exiting results which are certainly required for a full

elucidation of new phenomena in the Tev energy region.
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TABLE TII
CLIC LHC
Intérmediate-mass Higgs: Yes No
mz < my < 200 GeV Vs ~ 1 TeV also good (SSC: No)
H - QQ (L~ 10" cm~2s~1
(Good up to marginal,
my < 300 GeV) L =~ 10" OK)
Heavy Higgs: Yes Yes
my > 200 GeV H -~ 4 jets, H-+ZZ~
H - Ww my < 0.6-0.8 TeV o +ete, qtu,
H- 22 (IfL = 10%cm~2s"!, my < 0.6 TeV
my < 1-1.2 TeV: (my < 1 TeV
luminosity crucial). withquark tagging),
SSC:my < 1-1.2 TeV,
Vs crucial.
Charged Higgs: Difficult: No
Vi = 2TeV 60 ¢v. per year | (SSC: No)
Vs = 1 TeV 250 ev. per year.
H* = tb May be possible for
2w < my < 0.8Epeqm,
Large my better;
Luminosity crucial.
Heavy leptons: my, < 0.8Bucam Possible
Possible my < 0.5 TeV
L =W Vs = 1 TeV: better S/B (55C: 0.7 TeV)
Heavy u,d quarks: Yes (easy) 6 Jets: No
mq < 0.8Ebium 4j + Lv: Promising
Q- qW Large mq better mq < 0.8 TeV
(SSC: | TeV)
TABLE III
SRONG |-~ T o Y "
= o e an o 850 GV R
SUSY e
WEAK oo WGy 850 Gev
4 Tey
Z < i = 500 GV
= o e e e e e e e em 2 TV
2 Tev
LEPTOQUARKE - oo — = ™
|erme—e 12 ToV
w Aqq
Q A FTTS T
::9 [ I S b 30 Tev
o
é: Aee e mo e e - — e o o s 42t ot oo 1mn uooen o mn e e 100 TRV
8 S Tev

M, fre e 15 Tev

o e e e e 2 TeV
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