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THE PHYSICS OF VERY HIGH ENERGY HADRON-HADRON COLLIDERS 

I. Hinchliffe 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 

A review is given of the physics accessible at a very high energy hadron-hadron coUider. 
Emphasis is placed on the reliability of the predicted rates, and upon the energy and 
lumiilosity required to explore new physics options. 

1. INTRODUCTION 

In this talk, I shall present an overview of the 
type of physics that can be explored in high en
ergy hadron-hadron coUiders1). After a discus
sion of the need to explore a new energy regime, 
I shall discuaa some of the uncertainties which are 
present when an extrapolation to such a regime 
is made. I shall then discuaa the signals' and 
backgrounds for some typical processes, and fi
nally shall discuss the most difficult particle for 
a hadron coUider to find, namely the Weinberg
Salam model Higgs boson. 

The so-called standard model, consisting of QCD 
and the Weinberg-Salam model, is remarkably 
successful in describing the data provided by cur
rent high energy experiments. However, we have 
very little insight into the nature of the sector of 
this model which is responsible for the breaking of 
electroweak symmetry and the' generation of the 
W and Z masses. In the minimal version of the 
standard model, this breaking arises from the vac
uum expectation value of the neutral member of 
a scalar multiplet which transforms as a doublet 
under SU(2)l,. There are only two experimental 
constraints that this sector must satisfy. 

Firstly, there must be a custodial SU(2) symmetry2) 
which guarantees that the ratio p, defined by 

p = Mw/Mz cos8 (1) 

satisfies the constraint") 

p = 1.006 ± 0.008 

This is guaranteed to be the case provided only 

doublets, of SU(2)l, get non-zero vacuum expec
tation values. Models in which the elementary 
Higgs scalars are replaced by composite states can 
be set up so that they have such a symmetry'). 

Secondly, any fiavor changing neutral currents must 
be consistent with the very stringent constraints 

arising from the non-observation of such currents. 
In models where there are more than two Higgs 
doublets, one giving mass to the charge 2/3 quarks 
and one to the charge -1/3 quarks, such currents 
will ariseS). Models of composite Higgs particles 
also produce such currents6). 

In the minimal Weinberg-Salam Model with one 
doublet of Higgs fields, we have very little infor
mation concerning the single physical Higgs bo
son. Arguments concerning the stability of the 
vacuum7) imply that 

(2) 

If the Higgs mass exceeds 1 T e V or so, then the 
interactions in the sector involving the Higgs and 
the massive gauge bosons become strongS). In 
this case the theory cannot be analyzed using 
perturbation theory. This situation represents a 
worst case scenario since, in order to explore it 
experimentally, it must be possible to observe fi
nal states of pairs of gauge bosons with masses 
of order 1 TeV II). As we shall see it is the re
quirement that we be able to probe such physics 
that forces us to a 40 TeV machine capable of 
operating at a luminosity of 1O"3cm-2sec-l. 

The unsatisfactory nature of the Higgs sector from 
CL theoretical point of view is expressed via CL. con
sideration of the hierarchy problem10). Suppose 



Figure 1: 
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Feynman diagram showing a contri
bution. to the Higgs mass due to the 
Higgs self interaction. 

that we consider a radiative correction to the Higgs 
mass shown in figure 1. The diagram contains a 
quadratic divergence which I will cut off at scale 
4.. Then at one loop the Higgs mass is 

m 2 _ 2 ~2J G4k 
- mo + (21f)4(kZ - mal (3) 

The physical Value of this mass must be of order 
Mw; yet its natural value is of order the cutoff 
on the integral 4.. What is 4.1 If the fundamental 
theory is finite then new physics must eventually 
come in to cut off the divergence. In the currently 
popular string theoriesl1), this occurs at a. value 
of order the Planck mass. It is therefore clear 
that the desired value of order Mw can only be 
achieved via a very delicate cancellation involving 
the fine tuning of mo. 
The problem would go away if new physics were 
present on the TeY scale which could cut off or 
soften the divergence. This occurs in almost all 
variants of the standard model. In supersym
metric models12) the fermionic partners of the 
Higgs boson contribute to the Higgs mass squared 
with opposite sign and cancel the quadratic di
vergence. In models of composite Higgsll) the 
divergence is cut off at the scale of the binding 

. of the constituents of the Higgs. In either case 
new physics is present on the scale of 1TeV or 
so. Again we are' led to the need to probe this 
sca.le. This argument is, I believe, strengthened 
if a. light Higgs boson is discovered a.t LEP or the 
SLC. 

A more pragmatic, and perhaps more accurate, 
argument for a large energy machine is provided 
by the factor of ten rule. Significant progress in 
physics usually requires the opening up of a new 
energy regime. Existing machines can probe the 
100GeV mass range; the next generation should 
be able to reach a. much larger ,regime. We shall 
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see that a 40TeV hadron collider is capable of 
probing most new physics out to scales of order a 
few TeV. 

2. ESTIMATING PRODUCTION RATES IN 
HADRON COLLIDERS 

The appropriate collisions for producing new par
ticles are those of quarks and gluons which exist 
as constituents of the proton. The production 
rate is given by 

O'NadronN = ~ J dz1dz2fi(%lt Q2)f; (%2, Q2)O'parfomc(i,i) 
101 

(4) 

where O'pcartonic(iJ) is the cross-section for the ini
tial state consisting of parlons of types i and j. 
Ii(%, Q2) is the usual parton distribution function 
for putons of type i with fraction % of the par
ent hadron's momentum. Q is a scale which is 
of order the mom.entum transfer in the partonic 
subprocess. Kinematics restricts the range of the 
%1 and %2 integrals 

where M is the invariant mass of the partonic 
final state. 

We shall be interested in the production of any 
new particle with mass larger than that observ
able at the current generation of machines, say 
lOOGeY. Hence values of % as small as 10-4 are 
needed. 

The 1.(%, Q2) are obtained from deep inelastic 
scattering a.t low Q and evolved to higher val
ues of Q using the Altarelli-Parisi13) equations of 
QCD. This generates two problems. The gluon 
distribution is only measured indirectly since it is 
inferred from the Q2 dependence of the anti-quark 
distributions. There is a correlation between the 
giuon distribution and the QCD scale parameter 
4.qeD. However the data on jet production mea
sured. by the U A1 and U A2 collaborations can 
be used to check these gluon distributions. The 
agreement is very good1).14). 

A more serious problem is the absence of data 
at small values of %. Current deep inelastic scat
tering data only extend to % > 10-2 • The be
havior of the structure functions at small % and 
large Q can be seen analytically as follows. The 
AltareUi-Parisi equation for the evolution of the 
gluon distribution is given by 

" i \ 

I. 
t 



d G(%,Q%) = a,{Q2) {I azP. ('/ )G{ , Q%) 
d log Q% 27r J 11 r cc z z % , 

(5) 

Here I have neglected the· generation of gluons 
from quarks. This is a reasonable approximation 
at small z where the gluons are dominant. This 
equation can be solved analytically in the region 
where % is small and Pcc{z) can be approximated 
by 

Pcc{z) -6/% (6) 

the result islS) 

zG(z, Q%) oc . 

(_/~14~4 (logQ%/4o%)) 
e%lI V (33 _ 2f) 10g(1/%) log log QU4o% 

(7) 
where I is the number of flavors. It is possible to 
go beyond this approximation1S). A more accu
rate fit to the small %, Q% region is provided by 

zG{%, Q%) = A{ ~e + B) e-ce e.fiWi (8) 

where A, B and C are constants and 

(
10gQ2 / 402

) e = log 10gQ~1 402 

72 
11 = (33 _ 2f) 10g(1/ z) (9) 

A comparison of this approximation with the re
sult using the full Altarelli-Parisi equations is shown 
in figure 2. It can be seen that this simple form. 
is an excellent approximation. 

% = 10-1 ---":-:-:-:-:~:----.;:..::~~--~ ---- -- -"- ---~--

Figure 2: -The dependence of the gluon distri
bution function zG{z, Q2) on Q2 at 
fixed z. The exact solution (dashed 
lines) is compared with the analytic 
approximation oCref. 16 (solid lines). 
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This rapid rise at small z has an important phe
nomenological consequence. Cross-sections char
acterized by a fixed energy scale, such as the pro
duction of W bosons will rise rapidly as the center 
of mass energy is increased since more of the small 
z region is accessible. This effect has been seen 
at the S ppS collider where an increasing fraction 
of the total cross-section can be ascribed to the 
production of jets11). This rise in f(%, (2) will 
eventually be cut off when coherence effects be
come important. This happens when18} 

zG(%, Q%)m; ~ 1 (10) 
_ . Q% 

When extrapolating existing data into the region 
of z less than 10-2, it is customary to assume that 
zG{ z) tends to a constant at very small %. A more 
singular behavior is allowed and indeed may be 
preferred la). Figure 3 contrasts the Q2 evolution 

. of the gluon distribution at small z in this usual 
assumption with that obtained by assuming that 
zG(%,5) oc 1/,.fi. It can be seen that although 
the differences are large at low Q2, they dimin
ish rapidly as Q2 rises1). This is a consequence of 
the Altarelli-Parisi equations since the behavior 
of 1(=0, Q) is controlled only by regions of z > %0 

at lower values ot Q. An analysis of this type can 
be used to estimate the uncertainties on produc
tion rates at hadron hadron colliders. Figure 4 

100 ~""""""---''--''''''''''''''''''''''''''''--•• -. .. ~_'I:"'l""I""""""1""I.:! . ... 
.. ' .... .. , 

10 

.... .... 
.... .... .. ' 

.2 
x=IO 

Figure 3: The dependence of the gluon distri
bution function zG(z, (2) on Q2 at 
fixed z. The solid lines correspond
to the extrapolation zG(z, 5) = con
stant for z < 0.01, the dotted to 
zG(%; 5) oc 1/,.fi for % < 0.01. 

" . ;.~ 



shows such an estimate. Contours in the (:e, Q2) 
plane are labelled by the estimated uncertainty in 
the gluon distribution18). 

,o~--------~--------~~~----~----~-, 

Figure 4: 

tOl l to· ttl 
to ql(Cevl) 

Contours in the (:e, Q2) plane show
ing an estimate of the uncertainty 
of :eG(:e,Q2). The region above the 
dashed line corresponds to an uncer
tainty in c:rosa-sectiol1S due'to ginone 
gluon colllsioDll of more than a factor 
of 10. The regions relevant to the tOm 
tal W and b quark production cross
sections are shown. 

Since crose-sections are sensitive to the square of 
the distributions they are more uncertain. The 
dashed line in figure 4 indicates the region in 
w_hich the cross-sections could be uncertain by 
more than a factor of ten. I have marked two re
gions appropriate for the production of W's and 
bottom quarks at the sse. It can be seen tha.t 
the latter is uncertain by as much as a fa.ctor of 
50. Notice that in the regions of' % and Q apprOm 
priate to the frontier of physics the rates are far 
less uncertain. Indeed, the rates that I shall dis
cuss below should be reliable to a factor of two or 
better. 

Measurements of the production rates for jets, 
W's and Z's at the SppS collider give confidence 
that our distribution functions are good. Mea
surements at HERA will go far to improve the 
situation, particularly at small z. 
It is possible- to discuss the energy reach of a 
hadron collider without reference to a specific pro
cess. This is done by means of a diffe:ential lu-

minosity defined by 

(u) 

This is the number of parton-parton collisions per 
hadron-hadron collision with parton-parton cen-
ter of mass energy (,;1) between fo and Js{r + dr). 
The hadronic cross section is then given by 
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Figure 5: The pseudo-cross section r I s dC, L I dr 

as a function of' v'i for various val
ues of .fi for gluon-gluon collisions. 
The curves (top to bottom) are for 
,ji = 2, 10,20,40,70, 100Te V. 

J dt. 
O'~ = dr O'portoflic(r) dr (12) 

Dimensional analysis implies that O'p .... 'o ... e .... cis. 
For a QeD process such as the production of a 
pair of jets, c - a!, whereas for an electroweak 
process such as the production of a pair of lep
tons, c - a!,.. Figure 5 shows the pseudo-cross 
section 

r dC, 
(12) 

.; dr 
for gluon-gluon collisions. This figure can be used 
to estimate the reach of a given machine a.nd also 
to estimate the effect of an increase in luminos
ity. For example, a. 40 TeV machine operating at 
a luminosity of 1032c:m-2see- 1 is roughly equiva
lent to a. 20 TeV machine operating at 1033 for 
processes where v'i is 3 TeV. As v'i increases, 
energy becomes proportionally more important. 

Figure 6 shows the pseudo-cross section for u it 
collisions. Here there is a potential advantage to 
be had in pp collisions due to the presence of va
lence anti:'quarks. This advantage does not be
come manifest until the pscudo-cross section has 

10 
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Figure 6: Same as figure 5 for quark-antiquark 
collisions. The solid lines correspond 
to pp collisions and the dashed to pp. 

become very small. Hence a machine must have 
high luminosity to be able to exploit this advan
tage. Having discussed the event rates in a gen
eral way I will now turn to some specific pre> 
cesses. 

10 

3. SOME TYPICAL RATES AND BACKGROUNDS 

Figure 1 shows the differential cross-section 
dtT / d'PT dy for the production of a jet of transverse 
momentum P'l" and rapidity y at Vi = 40 TeV. 

The rates are very large. Figure 8 shows the 
cross-section for for the production of jets in events 
where the total transverse energy in a rapidity in
terval of Iyl < 2.5 exceeds Eo. The enormous val
ues of transverse momenta allow one to probe the 
quark structure at very short distances. In par
ticular, if the quark is a composite particle the 
effects of its substructure will show up as devia
tions in the jet cross-sections. This is shown in 
figure 1 where the modification of the jet rate due 
to the presence of an interaction of the form 

(14) 

is indicated. Clearly one is sensitive to values of 
!O as large as 30 TeV 1). 
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The cross-sections for other types of "old" physics 
are also enormous. The total rate for W pro
duction is estimated to be of order 50(100)nb at 
20 (40) TeV. Likewise the production rate for b 
quarks is of order 100~b and may result in enough 
produced b's (- 1012 per year) for rare decays to 
be studied20). 

The production of a new quark can proceed via 
gluon-gluonor quark antiquark-annihilation. The 
quarks are produced in pairs and the uncertainty 
in the rate comes- primarily from the structure 
functions (the higher order QCD corrections to 
this process are not known). There is an al
ternative mechanism21) shown in figure 9. Here 
the charge 2/3 quark is produced along with its 
charge -1/3 partner. This process involves a vir
tual W and is therefore relevant only for new 
quarks which have the same weak interactions as 
existing quarks. If there is a lar.ge mass difference 
between these quark partners, there is a consid
erable advantage for the production of the charge 

,o-le-__ ~~ __ ~ ____ ~ ____ ~ __ ~ 

pp -+ jet· anything 

.IS - 40 TeV 

10-e~ ____ ~ ____ ~ __ ~~ __ ~~~~ 
1 Z l +. ~ 5 

po, (Tev/c) 
Figure 1: The cross-section dtT / dP'l" dy for the 

production of a jet of transverse mo
mentum p, and rapidity y = O. The 
solid line- is for Vi = 40 T e V. The 
dashed lines show the modification 
of this rate due to the presence of a 
composite interaction between quarks 
characterized by a compositeness scale 
AO. 
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Figure 8: The total cross-section for the pro-
duction of a pair of jets with rapidity 
11 < 12.51 with total transverse energy 
greater than Eco at v'i = 10,40,100 TeV. 

2/3 partner over the gluon process. A compari. 
son of the rates is shown in figure 10. There is a 
constraint on the mass difference of such a pair 
which arises from the radiative corrections to the 
W and Z masses22). The current limit on the e 
quark mass is M. < 320 GeV. I ha.ve cut off the 
cu ves' on figure 10 when the mass difference ex
ce!ds the value allowed by this constraint. 

It can be seen that the process involving interme
diate W's is not important for quark production. 
Such processes can be important for the produc
tion of new charged leptons13). 

q 

Figure 9: Feynman diagram showing the pro-
duction of the members of a new quark 
doublet from the fusion of a W and 
a gluon. 

-6-

A new quark with standard electroweak interac
tions will decay via the emission of a W (real 
if there is sufficient phase space, otherwise vir
tual). The production of a pair of such quarks 
will therefore lead to final states with two jets and 
two W's. If the W's decay hadronically there will 
be a six jet final state. The background, which 
arises from QeD processes, cannot be reliably es
timated since the appropriate QCD subprocesses 
have not been calculated. Nevertheless it may 
not be a problem. The ratio of the two jet QCD 
rate to that of new quark production is of order 
1/500, if the two jets are at large angle with an 
invariant mass of order 2MQ or more. The six 
jet QeD rate is of order a! of the two jet rate. 
This gives rise to optimism that the signal cuuld 
be extracted . 

-I 
10 

-.0 
C 

-I 
10 

-3 
10 

,. 

200 

" , 
" 

" " " 
m1/3 = "3~GeV , , , , 

" , , , , , 
.... , 

ml/3 = m2/3 .... 

400 eoo eoo 

'-

1000 

Figure 10: The cross section for the production 
of a new c~arge 2/3 quark a.t Vs = 
40T e V. The solid lines are from the 
mechanism of Figure 9 and are la
belled by the mass of the charge -
1/3 quark. The curves stop when the 
constraint from the W and Z masses 
is reached (see text). The dashed line 
is from gluon-gluon fusion. 
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The muimum quark mass accessible 
as a function of "fi assuming that 
1000 must be produced for fixed val
ues of the integrated luminosity. The 
solid lines correspond to pp interac
tions and the dashed to pfs. 

A more pessimistic scenario arises if one assUOlI!S 
that the W's can only be detected in their lep
tonic modes. The background is now small -
it arises from the final state of two W's and two 
jets, but the efficiency is only of order 2%. An es

timate of the reach of a collider can be made by 
requiring that it produce 1000 heavy quark pairs. 
The masses accessible according to this criterion 
are shown in figure 11 for various values of the 
integrated luminosity. Notice that there is very 
little difference between pp and pjJ collisions. 

A quark which does not have the standard elec
troweak couplings will have different decay char
acteristics. As an example consider a charge 1/3 
quark which may occur in an Ee theory'·). This 
is an SU(2h. singlet and hence does not couple 
directly to the W. It is produced with the same 
rate as the standard quark but decays via its mix
ing with the other charge 1/3 quarks. This gives 
rise to states arising from the flavor changing neu
tral current decays Q - d + Z. and hence to 
final states of two jets and two Z·s. Similar back
ground considerations apply and the accessible 
maaaes indicated in figure 11 still apply. 
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A new W or new Z can be produced by quark
antiquark annihilation. In order to make an esti
mate of the accessible masses, assume that they 
have the same coupling to quarks and leptons as 
the old W and Z. The production of 100 bosons 
should be sufficient for the discovery via the lep
tonic modes. This is comparable to the number 
produced at the SpjJS collider before the W and 
Z were found. The accessible masses are shown 
in figure 12. Notice that there is some advantage 
to be had from pjJ collisions but this can only be 
exploited effectively if the luminosity is in excess 
of 5 x lQ31cm-2"ec-1. 

Searches for supersymmetric particles have been 
carried out in hadron collisions by the U Al colla
boration2l). I will discuss one supersymmetric 
particle. the gluino. It is produced in pairs with 
a cross-section shown in figure 13. I will assume 
that squarks are heavier than gluinos, in which 
case the possible decays' are 

14~--~----------~---'----~ 

-... Col 
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10 
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" > I! 6 
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Figure' 12: 

20 40 60 80 lca 
/f(ievl 

The maximum accessible W (solid and 
dashed lines) and Z (dotted and dot
dashed) mass given that 100 must 
be produced as a function of .;s for 
fixed values of the integrated lumi
nosity. The solid and dotted lines 
correspond to pp interactions, the dashed 
and dot-dashed to pjJ. 
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Figure 13: The cross-section for the production 
of gluino pairs as a function of the 
gluino mass in pp collisions for";; = 
2, 10,1t), 40,100 TeV. 

g -q+q+'; 

-q+q+W 

-q+q+H (lS) 

I have denoted the supersymmetric partners of 
particles by adding a tilde. The decay into a wino 
is likely to dominate. The decay to photino or hig
gsino has the clearest signal since the photino or 
higgsino will leave the detector without interact-

ing and the final state will therefore consist of a 
number of jets accompanied by missing transverse 
momenta. The number of jets depends upon the 
mass of the gluino. If it is light then it will tend 
to be moving quickly and the jets will coalesce. 
A heavy gluino haa a smaller production rate but 
a clearer signal since the jets from its deca.y are 
well separated. . 

The'background arises mainly from the produc
tion of heavy quarka which decay semileptonically 
emitting neutrinos which give rise to missing m~ 
mentum. A detailed study:·) indicates that of 
order 1000 events should be sufficient for a dis
covery. The limits from UA126) correspond to of 
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order 100 produced gluino pairs; the signal and 
background will scale in the same manner. Fig
ure 14 shows the accessible mass as a function of 
..;;. The mass reach is so large that if no gluinos 
are found at the sse it it safe to conclude that 
supersymmetry is not the solution to the hierar
chy problem and that the models of low energy 
supersymmetry are all wrong. 

It has been pointed out21) that if the decay involv
ing a wino is dominant then the missing trait,... 
verse momentum signature is diluted since t.he 

wino will decay within the detector. In this Cit"e 

there will be additional jets or leptons from the 

decay of the wino. The background will arise 
from QeD processes with jets and possibly W's. 
The background discussion becomes comparable 
to that for a heavy quark. I do not believe that 
this is a serious problem, but if it is, then one can 
pay the price of a branching ratio and look only 
at the photino mode. 

In the processes that I have discussed so far the 
rates are large and a great deal of physics can be 
done with a machine operating at a luminosity 
of l()32cm-2"ec-1. The effect of an increase to 
1()3S is to expand the range of masses that can be 
searched. There is one process for which, in the 
most pessimistic scenario, 10" is needed, namely . 
the search for the minimal Higgs boson. 

-N 

~ > 
~ -

°o~~~~~~~~~~~ 
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Figure 14: The accessible mass for gluinos as a 
function of Vi given that 1000 must 
be produced. The curves are labelled 
by the integrated luminosity (pp col
lisions). 
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4. THE MINIMAL HIGGS BOSON 

The single scalar Higgs boson is perhaps the most 
difficult particle to find at a hadron collider. It 
decays into fermion antifermion pairs with a width 

r(H -I]) = Gr m} :;R(3) (1- 4m}IMi)s/2 
4" 2 

(16) 
The factor of three is present if the fermion is a 
quark. I can also decay into W or Z pairs with 
widths 

G MS 
r(H - WW) = r ~ (I-ClW)1/2(4-4C1w+3a:.,) 

32" 2 
(17) 

where 

and 

CI~ = 4M~/Mi 
The latter channels are dominant at large Hi~~,. 
masses unless there is an exceedingly heavy q iii. r k 

or lepton. I! the Higgs is lighter that 100 Ge V it 
will be found at LEP via the final state Z + H 28), 

so I shall only be interested in larger masses. I! 
the Higgs mass exceeds 1 TeV then it becomes 
very wide and the nature of the signal changes 
somewhat since the theory now has strong inter
actioM between W's and Z's. The signals for 
such strong interactioM involve the detection of 
W and Z pairs at large invariant masses~). The 
discusaion below is therefore relevant to this case 
also. A more detailed discussion of this possibility 
can be found elsewhere in these proceedings2~). 

There are several relevant production mechanisms. 
Firstly the Higgs can be produced via gluon-gluon 

fusion with an intermediate quark loop30). The 
rate for this process depends on the masses of the 
quarks and leptoM. I shall assume that there are 
no more generatioM of quarks and leptons and 
shall vary the mass of the t quark. The cross 
section is a strong function of the t quark mass, 
being proportional to m: if mR > me. 

A second production mechanisQ1 is the WW fu
sion process31) shown in figure 15. This exploits 
the large width of H - WW, and dominates over 
the gluon fusion process at large Higgs masses if 
the top quark is less than 150GeV. 

-9-

Figure 15: Feynman diagram showing the WW 
fusion process for the production of 
a Higgs boson. 

There are additional processes where the Higgs is 
produced in aasoc:iation with a W or a Z 28), of a
tE pair'2). These are smaller and are not relevant 
unless the additional particles can,be used as a 
tag to reduce the background. A comparison of 
the Higgs production via the various mechanisms 

. is made in figure 16. 

I! the Higgs is lighter than 2Mw it will decay 
dominantly into ti pairs if the to=, quark is light 
enough. Even if top quarks ca.· be identified 
very efficiently" there is an overwhelming biu: k..-
ground from the QeD production. of tt pairs!). 
It has been suggested that the associated prc)

duction with a W could be usefuI3S). The back
ground now arises fro~ the final state of W . tt, 
which arises from quark antiquark annihilation. 
The signal to background is better in this case. 
However a detailed study indicates that the back
ground cannot be overcome34). Part of the diffi
culty arises from the neutrinos which are often 
present at some point in the top quark's decay 
chain. The energy lost results in poor Tesolution 
of the invariant mass of the ti pair. 

A different situation arises if the top quark is too 
heavy for the Higgs to decay into it ( I shall as
sume me = 150 GeV in what follows). In this 
case the dominant decay is into bb pairs. There 
is a reasonable branching ratio into tau pairs 

In this case the background arises from the Orell
Van production of tau pairs and is much smallE!r35). 

Taking a. resolution of 20GeV in the tau pair in
variant mass yields a signal to noise ratio of 1:4 for 
a Higgs of mass 120GeV and ..;s of 40TeV. Taus 
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Figure 16: A comparison of the mechanisms for 
producing Higgs boson at v'i = 40 T e V , 
A top quark mUll of 40 GeV is as
sumed for the solid lines and 150 GeV 
for the dashed line. 

can be identified from their decay modes using 
the technique pioneered by UAI. The presence 
of neutrinos in the tau decay smears out the sig
nal. but the event rate is large. A detailed study 
is probably needed. 

Another channel which is very clean is H - "1+"1 
which occurs with a branching ratio of orderS) 

BR(H ) m" IAI a2 

- "1"1 - 611'2m: (19) 

Here A is a number arising from the W. quark and 
lepton loops. Its value depends upon the masses 
but is of order four for the masa range that I am 
considering. The background arises from the pair 
production of two photons via quark antiqllMk 
annihilation. Figure 17 shows an estimate of Lhe 
signal to background as a function of the Higgs 
mass. I have asaumed a. resolution of 10 GeV on 
the photon pair invariant mass. The signal to 
background ratio is reasonable given the puLen· 

tially large number of events. There is a poten
tial background from the the production of two 
jets where each fragments to a 11'0 which is then 
mistaken for a photon. The probability of this 
happening is small, but the two jet rate is about 
10' larger than the signal! 

-10-

-2 
10 

1 
-~ 
c .... .... 

...... .... 
b ...... 

1 
.... 

-3 ..... 
10 

.... 

-4 
10 

-~ 
10 

-8 
10 

o OS O. I 0.12 0.14 a 18 0.18 0.2 

MH (T e V) 

Figure 17: A comparison of the signal (solid line) 
and background (dashed line) in the 
channel H - "1"1. The two photons 
are required to have rapidity IYI < 
2.5. The background is estimated 
from da / dM ~m for the production 
of photon pairs of invariant mass M. 
~m is taken to be 10 GeV. 

In summary. the prospects for discovering a Higgs 
of mass less than 2Mw at a hadron collider are 
dim. At larger masses the relevant background 
arises from the production of a pair of W's or 
Z's. Figure 18 shows that this background is not 
serious. The problem therefore reduces to one of 
identifying the W and Z bosons in the final state. 
In the case of a Z pair this can be done from the 
decays to e+e- or }.'+}.'-, The efficiency is only 
.36% so that the whole range of Higgs masses up 
to 1 TeV can only be explored at a luminosity of 
103Scm-2sec-1 and an energy of 40 TeV. Another 
possibility is to study the case where one of the 
Z's decays to neutrinos and the other to charged 
leptons3S). Here the transverse momentum of one 
of the Z's is known from the missing momentum 
carried off by the neutrinos. The transverse mass 
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Figure 18: A comparison of the signal (solid line) 
and background (dotted line) in the 
channel H - Z Z. The two Z's are 
required to have rapidity 1311 < 2.5. 
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The background is estimated from d4 / dM 
A.m for the production of Z pairs of 
invariant mass M. A.m is taken to 
be the larger of the Higgs width and 
10 GeV. 

of the Z pair" can therefore be computed. Figure 
19 shows the distribution in transverse mass in 
this case.There is a clear separation between the 
signal and the background. 

If the Higgs is to be detected at a lower lumi
nosity then the hadronic decays of the W and Z 
must be exploited. If one W decays leptonically 
then there is a background form the QCD pr~ 
cess which generates the final state- of a W and 
two jets. This has been studied in great detail by 
Gunion and collaborators.11).ll,. They have de
vised a series of cuts to reduce this background. 
It is not known whether their method will survive 
a detector simulation. 

5. CONCLUSIONS 

We have seen that a hadron collider similar to 
the SSC is capable of searching for new parti
cles of masses up to a few TeV. Most physics 
is accessible with a luminosity of 1032cm-2 sec-l. 

The only particle which requires 1033 is the min
imal Higgs boson observable only in the leptonic 
decays of W's or Z's. The success of the S ppS 
collider in finding the W and Z and in setting 
stringent limits on supersymmetric particles and 
new heavy leptons gives confidence that the esti
mates of backgrounds are reliable. 

There is little difference between a pp and a pp 
collider unless the latter has a luminosity approach
ing 1032 and even then, the advantages are limited 
to a few cases where anti-quarks are important. 

I am grateful to Sally Dawson, Chris Quigg, Es
tia Eichten, Scott Willenbrock, Jack Gunion, Bob 
Cabn, Mike Chanowitz and Gordy Kane for dis
cussions prior to this talk. This work was sup
ported by the Director, Office of Energy Research, 
Office of High Energy and Nuclear Physics, Di
vision of High Energy Physics of the U.S. De
partment of Energy under Contract DE-AC03-
76SFOOO98. 
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The distribution in transverse mass 
arising from the final state of two Z's 

where one Z decays to charged lep
tons and the other to neutrinos. The 
signal arises from Higgs bosons with 
masses of 600,800 and 1000 GeV and 
the background (dashed line) from 
the continuum production of Z pairs. 
The detected Z has rapidity Iyl < 
1.5. 
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