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1. Introduction 

The top quark is an important ingredient of the standard model. It is the last 
missing member of the 3 generations of quarks and its mass is highly correlated with 
a number of parameters of the model. The u, d, s quarks have been "discovered" in 
the '60's when the eight-fold way and the quark model were hypothesized!; the 
charm quark was inferred from the J/'V discovery2 in 1974 and later detected in 
charm particles3, the b quark was discovered in 1977 via the production of the 1 
states.4 

The search for the top quark since 1977 has provided only upper limits. The 
most recent are: 

mt>27.4GeV 
mt> 41 GeV 

e+e- collider, Tristan5 
UA1 collider at the SppS6,7 

The standard model imposes upper and lower limits on the mass of the top. A 
lower limit is obtained through the constrainsts of the so-called Cabibbo-Kobayashi
Maskawa8,9 mixing matrix. Recent measurements of Bo- B0 mixinglO and a non
zero value for the CP violation parameter c,'fc,ll have allowed detailed analyses of the 
relation of the top mass to these parameters. Predictions depend upon strong 
interaction corrections to the matrix elements, that introduce some uncertainties. · 

This type of analysis has been made by many groups12. The lower mass Hmit 
for the top is found to be in the range: 

mt> 50-55 GeV 

As an illustration, Fig. 1, taken from Buras and Gerard13, shows the allowed region 
of top masses as a function of E'/E, the measured B 0 

- B o mixing and the parameter R 
= r (b ~ uev)!r (b ~ cev). A detailed discussion of this subject can be found in the 
report by K. Kleinknecht in these Proceedings. 

An upper limit on the top mass has been derived by Amaldi et ai.14by a global 
analysis, within the standard model, of most existing weak neutral current 
measurements and the W and Z masses. Electroweak radiative corrections were 
included. Also statistical, systematic ang theoretical uncertainties were combined, 
and available error correlations were taken into account. The limit, which depends 
on the Higgs mass, is · 

mt< 180GeV, formH<100GeV 

Fig. 2 shows the allowed region of mt versus the value of sin2 ew. The global fit 
gives sin2 8w = 0.230±.005. A discussion of this analysis can be found in the report 
of K. Winter in these Proceedings. · · 



Fig. 1: Constraints to the top mass from the 
standard model obtained in the analysis of 
Buras and Gerard (Ref.13). The ratio E'/E as 

a function of mt for 't(B) = 1.1 X 1 o-12 s and 
two extreme values R=O.Ol and R=O.l. The 
dashed lines represent the values consistent 
with Eexp but.forbidden by -~o-B"o mixing. 
Only the curves contained in the shaded 
region are allowed by both Eexp and BO-BO 
mixing. Here: 
R= r (b~uev)ff (b~cev). 

Fig. 2: Constraint on the top mass from the 
analysis of Amaldi et al. (Ref. 14) of weak 
neutral current data and Z and W masses, 
including radiative corrections. Allowed 
regions of sin2 Ow and mt for different Higg 
masses are shown. The global fit gives 
sin2 Ow = 0.230 ± 0.005. 
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2. Top Search in The Near Future: General Remarks 

2 

Since the mass of the top is reported to be greater than 41 Ge V, only colliders 
have an opportunity to reach such energies. In this Round Table we have 
representatives of the various colliders now working and of the ones scheduled to 
ta~e data within 1990. Strategies to separate signal from background for a top search 
depend upon the type of collider and on the top mass. 

a. e+e- colliders 

SLC and LEP are scheduled to take data within the next year. The production 
cross section for top pairs, apart from QCD corrections, are well known. The main 
strategies are well understood: study of high P 1. leptons and event topology. 
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b. pp colliders 

Both the SppS and the Tevatron colliders are now taking data. Here the 
production cross sections are calculable via QCD; but there are many uncertainties, 
as we will see in the next section. Strategies include: study of isolated leptons, jet 
counting and event topologies. Major backgrounds are from. b pair production and 
W +jets . 

c. e p colliders 

HERA is expected to tum on in 1990. Here uncertainties in QCD calculations 
play a role in evaluating production cross sections. Strategies are similar to those 
used for the other colliders. 

2.1 Heavy Quark Production in Hadronic Collisions 

Uncertainties on the cross sections for b pair and top pair productions are 
common to three experiments (UA2', UA1, CDF). To avoid duplication they will be' 
discussed here. 

. ' 

. Next-to-leadit?g order QCD calculations for heavy quark production have been 
done by Nason, Dawson and Ellis15. Over 300 diagrams of order a35 have been 

calculat~d, so that cancellation of collinear and 'soft divergencies were properly taken 
care of. The resulting cross sections, however, are highly dependent on different 
quantities like the parton structure funct_ipns (especially the gluon), the choice of the 
renormalization and factorization scale Jl, the choice of A (as is a function of Jl2JA2), 

and the heavy quark mass. 

Fig. 3 shows, as a function of the quark mass, the ratio of cross sections 

K=----
cr [0 (a52)] 

for the EHLQ 1 structure functions and various cho~ces of Jl. The .K factor appears to 
be quite large at the b mass, and has a large dependence on the choice of scale. For 
top masses above 40 GeV, the K factor is definitively smaller than that for the bottom 
quark. 

Altarelli et al.7 in conjunction with the results of Nason et al., have used a 
recent set of structure functions, DFLM16. They have evaluated the range of 
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uncertainties due to choices of scale, A, and quark mass. The QCD evolution of the 
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Fig. 3: The ratio of the 0( <Xs3) heavy quark cross section to the 0( <Xs2) cross section as a function of 
the heavy quark mass.15 The EHLQ 1 set of structure functions are used. Two different choices of 
scale are shown for the lowest order and three for the higher order. The two graphs are for CERN 
and FNAL energies. 

DFLM structure functions is performed at next-to-leading order, and in addition, A 
can be varied in the QCD evolution. They find that the top cross section uncertainties 
are of the order of 30%, whereas the bottom cross section uncertainties are much 
larger. Fig. 4 shows the top cross section as a function of top mass, as calculated by 
these authors. 7 

The large uncertainties in the b cross section can be seen in Fig. 5 at 0.63 and 
1.8 TeV. The curves have been calculated by Ellis17, using the same method as 

. Altarelli et al.7 and the DFLM structure functions. Clearly the K factor is larger than 
2 everywhere, for both energies. In calculating the b background to top, these 
uncertainties have to be taken into account. The UAl collaboration has measured the 
b pair cross section to be18 

a(pp ~ bo + x) = 10.2 ± 3.3 Jlb UAl Collaboration 

This result can be accommodated within the theoretical predictions.? 

-- - :w 



Fig. 4: The top pair production cross section 
versus top mass, as calculated by Altarelli et j 
al7, using the results of Nason et al15 , and • 

. the DFLM structure functions16, at different 
pp energies. The bands correspond to the 
uncertainty due to the range in scale, ~. and 

the range in As (which is A for 5 active 

flavors). The W-Ho cross sections are also 
shown. 
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Fig. 5: The total cross section forb pair production (a) at SppS, and (b) at the Tevatron collider 
. . . 

energies, as a function of the scale,~. Dashed lines are for leading order calculations, full lines 
include the contributions of leading and next-to-leading order. 



6 

3. Top Search at HERA 

The design parameters of the electron-proton collider HERA, which is in 
construction at the DESY Laboratory in Hamburg, are listed in Table 1. First 
collisions are scheduled for 1990. 

Table 1. Design parameters of the electron-
proton collider HERA. · · 

Electron Energy 30GeV 
Proton Energy 820GeV 

-rs 314GeV 
Luminosity 2 · 1031 cm-2sec 

Measurable rates for top quark production are expected for the Bethe-Heitler 
type of diagrams sketched in Figs. 6b and c. The lowest order process e- + a ~ Ve + 
r of Fig. 6a is not expected to contribute significantly since it involves a a ~ f 
transition which, within the Standard Model, is predicted to be strongly hindered. 
The further disadvantage that a a sea quark is involved,can be overcome by colliding 
positrons instead of electrons. 

·~· 
:E=: 
,g 
~· 

u.d . .u,d 

bl 

e p-+ etiX 

,~~v, cl 

~ v, 
~ 

:w 
d~l 

• ol e p-+ ebiX 

Fig. 6: · Diagrams for top quark production. 
contribute since it involves a d -+ t transition. 

The lowest order diagram a) is not expected to 

1'4~ inclusive t-quark production cross section expected from the boson-gluon 
fusion diagrams b) and c) in Fig. 1 has been calculated to order a2as by Schuler.l9 . 
Fig. 7, which is taken from Ref.20, shows the various cross section contributions as a 
function of the top mass, mt. For mt > 55 Ge V the W - g fusion process, e- + p ~ r + 
b + X, dominates over the 'Y - g fusion, e- + p ~ · t +I + X, because of the larger 
phase space avaiiable. The contributions of the· Z - g fusion as well as of the 'Y - Z 
interference term are negl!gible. The uncertainties of the cross section, which are 

f .. ;. 
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mainly due to incomplete knowledge of the gluon structure function, are estimated to 
be ~30%. 

Fig. 7. Cross section for top production via 
boson gluon fusion, diagrams b) and c) of 
Fig. 6, at fS = 314 GeV. The contributions 
from W, Z and y as well as the y - Z 
interference term are separately shown. 

101 

10-1 

10-J 

10-• 

..,.z 

30 40 50 60 70 80 90 100 
m, [GeV] 

For mt = 70 GeV and an integrated luminosity of 100 pb-1, an amount one 
expects to accumulate within a year, about 10 t-quarks are produced. Will one be 
able to detect these events within a "background" 107 times as intense? 

This question has recently been studied by Eichler and Kunszt21 and especially 
by Ingelman, Schuler and de Trocbniz22. Both investigations are quite detailed in 
the event and background generation. In Ref. 21 emission of an additional gluon in 

. electron scattering of the proton constituents and especially in the diagrams of Fig. 6 
for all possible quark combinations is taken into account, but fragmentation effects 
are treated only globally. In Ref. 22 higher order QCD effects are approximated by 
using parton shower fragmentation schemes. In both cases, however, the effects of 
the detector resolution, apart from geometrical acceptance cuts, are not taken into 
account. 

Both investigations conclude that the background becomes negligible by 
requiring an isolated lepton, which of course has to be not an electron, with large p .l, 
a large hadronic transverse energy L.E.L, and a large transverse missing momentum, 
P .l· In Fig. 8, which is taken from Ref. 22, the t-quark cross section and the 
remaining background are shown as function of L.E.L, if, apart from an isolated 
lepton, a P .l > 10 Ge V is required. A typical isolation requirement is an hadronic 

energy of less than 1 GeV within a cone of half "angle" ..J(t1.TJ)2 + (t1.~)2. =0.4, 
where t1.'fJ and t1.~ are the distance to the lepton in the laboratory pseudorapidity and 
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azimuthal angle. The only remaining background is from bo production and is 
negligible for Z,E1_> 40 GeV. The cut in P 1_ is certainly problematic because of the 

detector resolution. But also without such a cut, the background can be separated as 
is demonstrated in Fig. 9 taken from Ref. 21. Here the cross section for the 
production of an isolated muon is shown as a function of the P .1 of the muon for 

events with 3 or more jets. With such selection criteria the detection efficiency fort
production, including branching ratios, is about 10% .. 

Fig. 8. Differential cross section dcr/dL.Et 
versus the total transverse energy, for 
background and top signal, for three different 
top masses at {S = 314 GeV (Ref.22). The 
cuts applied are given in the figure. 

Fig.9. Transverse energy distribution of 
single muon events for the background and t 
production for two different t quark masses at 
{S = 314 GeV (Ref. 21) .. 
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A possible background of isolated high . P .1 leptons, whiCh 'has not been 
considered in Refs. 21, 22 is from W production e- p ~ e- W± X and·e- p ~ Ve W- X. 
The inclusive cross section for W production23 is about 1 pb at {S = 314 GeV. The 
two b-quarks, created in the (fb)-production and the I ~ 6 "W" -decay, which are 
not there in the case of W -production, are probably sufficient to discriminate 

·between W- and t-production. A detailed study is needed, however, since for large 
mt both b-quarks tend to be s<?ft and often do not lead to jets. 

• 

.. 
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In summary, one should be able to detect t-production at HERA if fit~ 80 
GeV. 

4. Searching for the Top Quark at the zoMachines 

Searches for the top quark at the SLC and LEP utilize the decay mode zo~ tf. 

However, there is not much phase space left for such searches since we have an 
unambiguous limit from TRISTAN of mt > 27.5 Ge V and a somewhat less direct 
limit from UAl of mt < 41 GeV. If indeed there are only three generations, the 
standard model is pushing us in the direction of higher top quark masses; certainly mt 
< mzo /2 is hard to accommodate in the three generation standard model. Nonetheless 

unambiguous experimental measurements are the final arbiter and hence the 
experiments at SLC and LEP will certainly search for the top quark. Indeed, if 
nature is kind and mt< tnzf2, a relatively small data set of several thousand zo•s will 

provide a clean signal. 

Running at the zo, the production is totally dominated by the process zo ~ tf 
for which the cross section is: 

a(Z0 ~ tf) = Gp2m4z {~t (3-~t2)(1-8/3sin29w)2 + ~2tJ 
81trz2 

where Gp is the Fermi coupling, mz and r z the mass and width of the Z, ~t the top 
quark velocity and 9w the weak mixing angle. This cross section can be contrasted 

with the total hadronic production for 5 quarks (u, d, c, s & b) 

a(Z0~ 5 quarks) = 27nb. 

where we have assumed mz = 93 GeV, sin29w = 0.23 and QED radiative corrections 

have been applied. The production of tf is enhanced relative to the formula above by 
QCD radiative corrections. These corrections tend to be largest as one approaches 
the threshold of mt = mzf2. Table 2 summarizes the expected zo ~ tf production 

rates including the assumed QCD radiative corrections according to Ref.24. One 
sees that significant production of tf persists all the way to the cutoff threshold of 
mzf2. 



Table 2: z· ~ tr production rates for mz = 93 GeV• sin2ew = 0.23 
including both QED and QCD24 radiative corrections. . 

fit Branching Fraction # tf/1 Q4 udscb 
GeV (Zo ~tf) %• (Produced) 

40 3.7 512 
42.5 2.7 372• 
45 1.7 240 
46 1.4 195 
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We assume that the t quark decays via the conventional weak interaction: t ~ 
Wb, where the W is virtual for mt < mw + fib. 

· Certainly one of the first measurements to be made at the SLC/LEP will be the 
zo width. One might ask whether this will provide information about tf production. 
For rilt;?: 40 GeV, the increase in the Z width is rather small, ~r z ~ 60 MeV, and 
even if one did have sufficient sensitivity to see this in the early scans, without direct 
topological confirmation one would not know what was responsible for the enhanced 
width. Topological searches are therefore the way to proceed. 

There are several topological search procedures which_ have been studied. The 
most detailed studies have been performed by the MARKII group and all the results 
quoted here are from their workshop reports.25 For these studies, raw data has 
been generated for full detector reconstruction and therefore the search efficiencies 
should be considered realistic. For the LEP detectors these efficiencies will be 
somewhat higher, but the conclusions gained from the MARKII studies are directly 
applicable to LEP. 

The topological search procedures rely on the ·fact that the t quark is 
necessarily much heavier than the five known quarks. Clearly the background for 
the zo ~ tf searches comes from the hadronic decays of the zo into the five light 
quarks and more specifiCally from events which contain gluon radiation. These 
events can simulate the "fatter" zo ~ tf kinematics. Two search methods are 
presented here: the use of event shape parameters as an example of a poor technique 
and isolated leptons as an example of the search method of choice. 

The reason that event shape parameters are "dangerous" is that they are subject 
to our lack of understanding of the fragmentation process. Different Monte Carlo 
models, all tuned to adequately fit the PEP/PETRA data, do not provide reliable or 

.. 



w' 

.. 

11 
consistent background predictions in the kinematic region (multi-jet events) of 
interest to these searches. The variable most useful for isolating zo ~ tf is the 
aplanarity as defined in the sphericity tensor scheme.26 Aplanarity is a measure of 
the amount of momentum "out of' the event plane. Two-jet events from light quarks 
have very small a planarity. However, light quark events can have large aplanarities 
due to gluon radiation, which result in multi-jet events. For the zo ~ tf one naturally 
expects large aplanarities because of the heavy t quark mass. 

Table 3 summarizes the results of an analysis based on the use of aplanarity. 
For this simulation 1 ()4 events of the type zo ~ hadrons via the 5 known quarks were 
produced using three different QCD/fragmentation models and the events were 
reconstructed in the detector. A sphericity analysis was performed on the event and 
events were excluded if the aplanarity was less than 0.12. The number of 
(background) events passing this cut are given in the first section of Table 3. The 
problem alluded to above is now rather clear, namely the background estimates of the 
different Monte Carlo models vary by a large amount, especially when compared 
with the expected signal yields, also given in Table 3, for different t quark mass 
assumptions. The number of zo ~ tf events is normalized to the 104 zo hadronic 
events using the branching fractions in Table 2, with mz assumed to be 93 GeV. One 
might argue that with enough hadronic Z decays, the Monte Carlos could be . 
optimized to give a proper description of the data. However, this cannot be done 
until one has a complete understanding of all the possible sources of hadrons. 

Table 3: The search for top using the shape parameter aplanarity. The first three rows summarize the 
contributions from the background for three different Monte Carlo models. Note the large variation 
in the predictions of the different models. The rest of the rows are the signal assuming different top 
masses. 

fit #of Events #of Events 
Produced with Aplanarity 

>0.12 
Background: 
Lund O(a2s) 104 udscb 10± 3.5 

Lund Leading Log (1.4xl04zo) 37 ± 5.6 
Webber Shower 76±9.0 

40GeV 512 112 
42.5GeV 372 82 
45GeV 240 40 

·In summary then, the method of shape parameters is a poor way to proceed. 
This statement is not just true for the aplanarity - all the potentially useful shape 
parameters suffer the same fate. 
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The use of large transverse momentum leptons from leptonic decays, does not 
suffer from the uncertainties of fragmentation and is a clean, high efficiency method 
of finding top at the zo. The signal topology involves tagging isolated electrons and 
muons coming from the decay sequence zo ---7 tf; t ---7 b + e(or J..L) + v,I ---7 hadron 
jets. Because of the large t quark mass, the resulting high momentum e and Jl are 
often well isolated from the hadronic jets. 

The background comes potentially from zo ---7 bo; b ---7 c + e( or Jl) + v, 5 ---7 

hadron jets. However, in this case even when the e or Jl have high momentum; they 
are not isolated from the hadronic jets. 

A clean separation of the signal is obtained with relatively simple cuts which 
have good efficiency. Multi particle events are selected which have a lepton (electron 
or muon) with transverse momentum (P .l) relative to the thrust axis larger than 3 

Ge V /c. The hadrons are then partitioned into jets using a cluster algorithm. The 
lepton isolation parameter is then calculated for each jet (j) as follows: . 

pj= {Et(1- cos9tj)}ll2 

where Et is the lepton momentum and 9tj is the angle between the lepton and the axis 
of the jth jet: P/ is effectively the·invariant mass of the lepton-jet system assuming 
the jet mass to be 1 Ge V. The lepton isolation parameter for the event is chosen as 

p = min{pj}. 

Figure 10 shows dn/dp for a background sample of 104 zo•s'decaying to the five light 
quarks and for a sample of appropriately normalized Z ---7 tf events (see Table 2), mt 

= 40 Ge V. Both electrons and muons are used in this analysis and both the signal and 
background are subject to the selection criteria given above. A cut at p > 1.8 Ge yl/2 
provides an efficient and clean zo ---7 ti signal. Predictions of the background 
spectrum have been verified to be independent of the QCD/fragmentation model as 
indicated in Table 4 which summarizes the sensitivity of the selection teclmique for 
different t quark masses. Again, mz = 93 Ge V was assumed for these simulations. 

The isolated lepton search procedure for zo ---7 tf is robust and particularly 
free of background. The efficiency is high enough that with 1000 zo events one 
would have a significant excess of events for fit $ 43 Ge V, with 5000 events one 
could explore the region very close to the kinematic threshold of mJ2. With 50,000 
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events one could begin a rather thorough study of the properties of the z• ~ tf 
decays using this clean, unbiased sample. 

Table 4: The search for top using the isolation criteria described in the text. The first two rows 
summarize the contribution from the background for two different Monte Carlo models. The rest of 
the rows are the signal assuming different top masses. As described in the test, p > 1.8 Gevl/2 and 

P .l> 3 Ge V /c are the primary analysis cuts for the isolated lepton. 

#of Events # of Isolated Signal: 
Produced LeQton Events Background 

Background: 
Lund Leading Log 10,000 udscb 2.6 ± 1.5 

Webber (1.4 x 104Z"'s) 3.3 ± 1.9 
mt= 40GeV 

Lund Symmetric 512 76 ± 2.2 25:1 
Webber 74 ± 4.3 

mt= 42.5 GeV 
Lund Symmetric 372 61 ± 4.7 20:1 

Lund Peterson 62 ± 1.5 
mt= 45 GeV 240 38 ± 3.1 13:1 
mt=46GeV 195 30 ± 2.4 10:1 

Clearly the technique described for the t quark search is rather general - it will 
isolate events coming from all strongly coupled .objects which are produced in pairs 
in Z decays. In particular the method will isolate events of the type z· ~ b'o' ,where 
the b' is a 4th generation, charge -1/3 quark. The issue thus becomes: could one 
distinguish these two sources - is it a t orb'? 

In the absence of a good measurement of the quark mass, and reliable QCD 
radiative corrections to the production cross section, using the absolute rate will not 
be useful. However, if we assume that mb' < mt, which is a safe assumption for this 
scenario, b' decays are distinguishable from t decays because they result in a lot of 
leading charm (D*'s) which is not true fort decays: 

b'~c+W t~b+W 

The b from the twill decay to charm, but these charm jets will not produce leading 
D*'s. So the trick for distinguishing b' jets from t jets is to tag D*±'s which carry a 
large fraction of the beam energy. D*'s can be tagged using the famous .1M 
technique27, but this method has a very low efficiency since specific low branching 
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fraction modes of the Do enter. As disc~ssed in Ref. 28, an inclusive D* tag is 
possible if one recalls that the bachelor pion in the decay D*± ~ 1t±Do has very little 
momentum transverse to the D* flight direction ( <P .L> - 30 MeV /c). This can be 
contrasted with the typical fragmentati~n pion which has <P .L> of 300 MeV/c. We 
use this low P .L as an inclusive tag for charm. 

2 -
----- 40 GeV/C tt LUND Peterson 

30 
Detector Simulation 

~ 
- udscb LUND Leading Log 

Detector Simulation 
~ 

> 
LU 
CJ 20 
C\J 

0 Cut --(/) z 
~ 10 a.. 
LU 
_I 

0 
0 2 4 6 

11-88 p = min JE 2 (1 - cos9R) (GeV 112) 
6197A2 

Fig. 10: Isolation criterion for leptons with P _L > 3 GeV/c. Distribution of p (defined in text) for 
leptons with P .L > 3 GeV/c for 10,000 udscb events from the Lund leading-log model with full 
detector simulation and for 512 tf events with mt = 40 GeV from the Lund model with Peterson 
fragmentation. 

In order to make this tag useful for separating t and b', one must remove 
contamination coming from Z ~ bo, cc. This can be done by making a series of cuts 
which favor the heavy quark events and discriminate against slow D*'s; the full 
details can be found in Ref.28. Multihadronic events are partitioned into jets using a 
cluster algorithm. Events with the event thrust> 0.9 are-rejected. This cut favors the 
heavy quark events and discriminates strongly against zo ~ cc. Each charged track's 
P .L is measured relative to the axis of the jet to which it belongs. A further cut is 

.made for candidate bachelor pions requiring them to have z = E1t/Ecluster between 
0.04 and 0.08 where E1t and Ecluster are the charged particle and cluster energy, 

respectively. This requirement discriminates against D* produced in b quark decays 
in which the bachelor pions are softer than these cuts permit. Figure 11a shows the 
P .L 2 spectrum for charged particles in a sample of 500 eve~ts of the type Z ~ b'o' 

(mb' = 45 Ge V). The events and charged particle c~didates satisfy the criteria 
discussed above. One sees the clear excess of low P .L tracks coming from the D*'s 

superimposed on the typical fragmentation spectrum with slope - 300 MeV /c. Figure 
11 b shows the same distribution for a sample of Z ~ ti events (mt = 45 Ge V) for 

,., 
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which no hard D* component can be seen.· Finally, Figure 11c shows the P .1 2 

distribution for a sample of 104 decays of zo to the five light quarks plus 500 zo ~ 
b'o' and Z ~ ti scenario. Thus these two scenarios are distinguishable. It is worth 
noting that this inclusive method is about 10 times more efficient than the more 
standard AM method. In the data set of 500 b'o' events, 125 tagged D*± are found 
(Fig. 11a). Applying the AM method and using as many Do decay modes as possible 
one fmds 12 exclusively tagged events. 
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There are several possible ways to measure mt once one has a signal. These 
_ include counting the yield of high P .Lleptons, fitting the shape of the P .L distribution, 

reconstructing the hadronic jet mass in the isolated lepton events ... All these methods 
suffer from one deficiency or another and yield typical mass uncertainties of about 2 
Ge V for the mass range and event sample sizes (- 104Z's) discussed here~ 
Presumably if a -precise measurement ofm1 was needed, one could lower the beam 
energy and scan for toponium using the_ crude measurement as a guide. This will 
require a relatively 1arge luminosity (z 1030cm-2sec-1) to find toponium in a 
reasonable time. In addition, if the toponium mass is very close to m.J2, interference 

effects greatly distort the toponium shape and make it impossible to find25. 

In conclusion, the zo resonance is an excellent place to search for top as long as 
it is sufficiently low in mass to be produced. With 10,000 zo events one would have 
sensitivity to masses up to m.J2. The possible confusion between a top quark and a b' 

quark is easily resolved. Mass estimates in the range of± 2 Ge V are possible. 

5. Finding the Top at Lep II 

5.1 A comment on the upper limit m1 < 200 Ge V 

All we know at present of the top mass is that it is very likely to exist and that 
its mass is in the range 41 Ge V :::; mt :::; 200 Ge V. 

The non-existence of the top mass would be extremely delicate to 
accommodate theoretically. The lower limit on its mass comes from its non
observation in pp collider experiments6.7. The upper limit comes from neutral
current phenomenologyl4,29. 

It should be emphasized, however, that this upper limit is· valid within the 
strictly minimal Standard Model only: a deviation of the tree-level Ptree parameter 

from 1 and a very heavy top-quark mass would produce the same effects on mw. mz, 
and sin2 9w. For instance,30 the combination of mt = 330 Ge V and Ptree = 0.96 
would not be distinguishable by electroweak measurements fro.m mt = 45 Ge V, Ptree 
= 1. A value of Ptree slightly different from 1 can be generated if there exist triplets 
of Higgs with non-vanishing vacuum expectation values. Such accidental cancellation 
seems unnatural but cannot be excluded. 
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5.2 Finding the top at LEP II 

Of course neutral-current phenomenology will receive a considerable boost 
when detailed studies of the Z resonance become available at LEP. The basic 
degeneracy between .mt and p will, however, remain. The uncertainty on the top 
mass certainly obscures the interpretation of precision measurements, but it will 
hopefully be removed by the direct observation of the top at LEP II. 

After a first phase of running at and around the Z peak, LEP will be equipped 
progressively with superconducting RF cavities to reach a maximum energy of 
Ebeam = 95 GeV per beam31. The expected event rates for the dominant processes 
are shown in Fig.l2. Two features dominate LEP II physics: i) the dominance of the 
radiative tail of the Z over rather small point-like cross-sections, and ii) the 
occurrence of the W -pair threshold. Both will make finding the top somewhat less 
straightforward at LEP II than in lower. energy machines. 

Fig.12: Cross-sections and rates in the 
energy range of LEP II. For heavy flavour 
production, the tf and bo' cross section 10 
Ge V above threshold is indicated. 

.......... 

- Born approximation 
--- Effect of initial state radiation 

100 140 180 220 
EcM (GeV) 
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The procedure to discover the top at LEP II is described in Ref. 32 and will be 
briefly summarized here. Two cases have been distinguished: 

a) mt< mw 
b)mt>mw+mb 

The intermediate situation, mt e [mw, mw + fib] has not yet been investigated in 
detail. 

In case (a) the first thing to do is to remove the Z radiative tail by applying a 
cut on the missing longitudinal momentum (Fig. 13a). The plot was made for a b' 
with mass fib' = 65 Ge V, but it would be the same for a top with the same mass. 
Sphericity and aplanarity distributions can then be used to enhance the new quark 
production (Fig.13b ). For the light quarks these distributions can be accurately 
calibrated beforehand with high statistics Z-peak data. The cross section within these 
cuts exhibits a threshold effect (Fig.13c). An integrated luminosity of 15 pb-1 has 
been estimated necessary to find a new b' if mt < mb' or even less to find the top, or a 
new b', ifmb' <fit. 

In case (b) (mt > mw + fib), the top-production threshold has to be 
distinguished from theW-pair threshold. If the heavy quark produced is a b', and the 
top is lighter, then b' ~ Wt, where theW is virtual.One can purify a b' signal by first 
eliminating WW events with one or more semileptonic decays, W ~ tv. For the 
rest, WW events are expected to have less charged tracks and a distribution of jet-jet 
masses peaked around mw (Fig.14a). In the case of top production, life is even 
harder since the dominant top decay is t ~ bW, where theW is real, resulting in 
events very similar to W pairs, because the b is soft. One nice way out of this 
difficulty is to reconstruct the W direction; top-induced W's are isotropically 
produced, in contrast with direct WW production, peaked at small angle with W's 
emitted back-to-back (Fig.14b). 

WW events are expected to have less charged tracks and a distribution of jet-jet 
masses peaked around mw (Fig. 14a). In the case of top production, life is even 
harder since the dominant top decay is t ~ bW, where theW is real, resulting in 
events very similar to W pairs, because. the b is soft. One nice way out of this. 
difficulty is to reconstruct the W direction; top-induced W's are isotropically . 
produced, in contrast with direct WW production, peaked at small angle with W's 
emitted back-to-back (Fig. 14b). 

The resulting threshold is visible (Fig.14c) but requires more data (50 pb-1 ). 
Case (b) would be somewhat unfortunate since both top and W -pair productions 
would be made substantially more difficult. 
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5.3 Study of top and toponium properties 

It is very possible that a pp collider will have found evidence for the top before 
the necessary energy is available at LEP. The unique feature of e+e- machines is then 
to offer the possibility of studying the top via its direct and clean production, evaluate 
its mass precisely, and determine its properties, charge, spin, decay modes, 

fr~gmentation function, etc. 

Furthermore, the toponium, tf bound state 9(1s), can be found33, as well as its 
first radial excited state 9(2s), at the expense of a larger investment in integrated 
luminosity. Fig.15 shows the integrated luminosity required to find these bound 
states from a binary scan, assuming that the top mass is known before hand with a 
precision of 2 Ge V. 

.... 
I 
..c 
a. 

TOP ONIUM 

..... ..... 8 12S) 
. ........ ._,_. ,.--·-·-·-·' 

'-·-,· 
L t:100pb- 1 

10 L...__---IL...-----l-----1------1.----' 

100 120 140 160 180 
W IGeV) 

200 

Fig.15: Total luminosity needed to detect toponium (lS and 2S) with a significance of 3 standard 

deviations. 

The toponium is a laboratory for numerous experiments. The 9(1s)- 9(2s) 
mass difference is a clue to the quark-quark potential, presumably predictable by 

perturbative QCD for such high masses. 

Of particular interest is the possibility of finding the Higgs in toponium 
decay34, 9 ---7 Hy, for mH ~ 0.9 mt. The toponium branching fractions and rates are 

shown in Fig.l6a; the Hv decav competes with the verv abundant direct decay t ---7 
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b W. The effective cross section for Higgs production is therefore reduced rapidly 
when the toponium mass becomes too heavy, and this method becomes-uncompetitive 
for me~ 120 GeV .. 

. This difficulty- would not occur if the b'· were to be discovered, the single 
quark decay of the b'o' bound state being presumably suppressed by the generation 
gap (Fig.16b). Th~ bottomonium (prime) would thus offer the possibility of finding 
the Higgs for mH ~ 0.9 mbo ~ 180 GeV. 

5.4 Summary35 

The possibilities for finding and studying the top and its bound states are 
summarized as follows. 

a) When? 

. Maximum mass at 
Beginning year Ecm which the top will be 

seen and studied 
(GeV) (GeV) 

1989-1991 ~ 110 50 
1992-1993 ~ 130 60 
1994-1995 ~ 160 75 

> 1995 ~ 190 90 

b) With what required luminosity? 

mt<75 GeV mt>75GeV 
(pb-1) (pb-1) 

15 50 Establish the top (5cr) 
&Tit==± 10GeV 

100 200 Measure threshold, 
~t==±2GeV 

25 25 Find toponium 9(ls) 
200 

~ 

200 Find 1st excited state 9(2s) 

.. 
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6. Top Search in UA2' 

The main physics goal of the data taking in 1988 and 1989 at the improved 
CERN SppS Collider is to search for top with a mass mt above 40 Ge V, given the 
lower limit, mt> 41 GeV (95% CL), measured by UA16,7, and the upper limit mt < 
180 GeV (90% CL), deduced in the framework of the Standard Model14. At hadron 
colliders the t~quark is expected to be produced mainly through two mechanisms: 

electroweak production pp ~ 'f+ X 
~tto 

qcn production pp ~ tf+X 

(6.1) 

(6.2) 

where the second mechanism proceeds through gluon fusion and quark annihilation. 
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Fig.l7: Schematic presentation of top (tf and to) production and subsequent semileptonic decay at 
the CERN SppS Collider ({S = 630 GeV). The event topology, shown in the plane transverse to the 
beam axis, implies the following top signature: 1 (isolated) + ~ 2 jets ( + .P'r), where 1 means charged 
lepton (electron in UA2') and PT missing transverse momentum due to the undetected neutrino. 
With increasing heavy quark mass the decay lepton is expected to be more and more isolated. 
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Figure 17 shows the dominant processes and the corresponding event 
topologies, in the plane transverse to the beam axis, for ti and to production and 
subsequent semileptonic decay at {S = 630 GeV. The contribution from the 
electroweak process (1), which dominates the QCD ti production (Eq. 6.2) for 40 
Ge V <fit< Mw-mb, can be predicted quite accurately as a function of mt by using the 
measured cross-section cr(pp ~ W ~ e v) and taking into account the known phase
space factor36. For higher values of mt, top is produced by the QCD process (Eq . 
6.2), whose cross section calculation is less reliable mainly due to uncertainties in 
structure functions and in the choice of the Q2 scale. However,as discussed in Sec. 
2.1, a recent next-to-leading order QCD calculation leads to a firmer prediction of 
heavy-flavour production15,7. Because of the large QCD multijet background, UA2' 
is searching for top by investigating final states containing an isolated electron and 
two or more jets (see Fig. 17). Taking advantage of the considerably improved 
electron identification of UA2', as a consequence of the new central detector37,38, 
Figure 18 presents the expected number of top events39 as a function of mt, with 

- one reconstructed isolated electron with p .1 e > 12 Ge V and 
- at least two reconstructed jets with P .lj 1 > 10 Ge V and P .Lh > 8 Ge V 

for an integrated luminosity of 10 pb-1. In order to keep the background from fake 
electrons low, i.e. around 10 events, a set of tight electron cuts are required. At this 
level the top analysis still suffers from background processes yielding real electrons: 

b-quark production 

production of W with jets 

pp ~ bb(g) 
4cev 

pp~W+2j+X 

· 4ev 
The application of strict isolation criteria to the calorimeter as well as 

preshower response of the electron candidate helps to reduce the limiting bo 
background, which is, by the way, not easy to predict (cross-section, fragmentation, 
calorimeter response to low-energy particles). 

Summing up all these background levels shown in Fig. 18, we expect more 
signal than background events for mt < 60 Ge V. Since the P .l e spectrum for the 
semileptonic decay bois steeply falling, an increase of the P .l e threshold (from 12 to 
15 + 20 Ge V for mt ::::: 60 Ge V) should result in a sizable reduction of this 

background. Furthermore, using topological cuts and invariant mass 
reconstructions, we anticipate to collect a rather clean top sample fort-quark masses 
up to 70 GeV for an integrated luminosity of 10 pb-1. 



"' ..... 
c ... 
> ... .... 
0 

100 

.... .. 
.Q 

E 
::::> 
c 
'0 ., ..... ... ... 
0.. 

~ 10 

I 
I 

B<~ckground from bb 

""" 
' 81ckground from f01ke electrons 

{ s= 630 GeV 

/Ldt= 10 pb-1 

UA2' Electrons • 2 jets 

Electron efficiency: 23°/o 

Region where tii domin01tes 

\ 
25 30 40 50 60 70 80 90 

t\op IGeV /ell 

26 

Fig.18: Expected number of reconstructed semileptonic top decays in UA2' (P .l.e > 12 GeV, pj_j1 > 

10 GeV, P.l.j2 > 8 GeV) for an integrated luminosity of 10 pb-1 as a function of the t-quark mass. 

The range for the number of top events is predicted by Ref. 7. The expected background levels from 

fake electrons and from real electron sources (semileptonic b-decay, W decay) are also shown. 

Acceptances and selection efficiencies are taken into account. 

7. TOP SEARCH IN UA1 

7.1 The present lower limit on Mt frorn UA1 

UA1 has made a systematic search for the top quark in the- 0.7 events/ph of 
data accumulated between 1982 and 1985. The top is searched through its 
semileptonic decay modest~ b e/JlV, the UA1 apparatus having e and Jl detection 
capability. Fig.19 shows the expected top production rates at {S = 0.63 TeV for 
experimental sensitivities of0.7 events/ph, the present one, and of 10 events/pb, 
which might be expected under favorable conditions by the end of 1989. The event 
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numbers in Fig.19 take into account only the t ~ b e/'t!V leptonic branching ratio, but 
not the detection efficiency, which is of the order of few percent for mt - 25 Ge V and 
increases to - 35% at fit> mw. As visible from Fig.J9, there are three distinct 
dynamical regimes for top production and decay at {S = 0.63 Te V. For mt< 45 Ge V 

the dominant production mechanism is the QCD production of tf pairs, for 45 Ge V < 
mt < mw the dominant contribution is through W production followed by a W ~ to 
decay, while for mt > mw only tf production remains~ The interesting aspect of this 

latter top mass range is that for fit> mw the top decays into t ~ Wb with a physical 
(on-shell) W, tf production thus giving rise to tf ~ WWbo final states with a rather 
remarkable WW ~ (lv) Get-jet) final state signature. 

Fig. 19: Expected top production 
rates at ..Js = 0.63 TeV for 
experimental sensitivities of 0. 7 and 
10 events/pb. 
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The experimental statistics available until now allowed a systematic 
investigation of the region mt < 45 Ge V. Jb.e results of the study of e/'t! + ~ 1 jet final 
state events by UA16 are summarized in Fig.20. This study provides no evidence for 
top in this mass range and gives a lower limit of mt > 44 Ge V. In Figure 20 the limit 
is expressed in terms of a ratio K = cra /cro tr of some tf production cross section, Otf, 

to a nominal theoretical tf production cross section 0° ft. For the latter one we take 
the lowest order ( as2) QCD production cross section using the structure functions 
EHLQl with a scale Q2 = mt2 + P _t2. Taking in the numerator of the ratio K for Otr 

the experimental 95% C.L. upper limit on the tf production .(the possible to 
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contribution has been subtracted from the data), we obt~in the curve labelled (a). 
The intercept of this experimental upper limit (a) with a reasonable theoretical lower 
limit on tf then provides a lower limit on mt. Fig.20 shows a number, of theoretical 
options for crtr (relative to the nominal one) we have investigated. The most 
conservative QCD expectation for tf production was provided by the lowest order tf 
calculation with DOl st~cture functions and Q2 = ~2, curve (b) in Fig.20. The 
intercept of the two curves (a) and (b) gives the UAllower limit mt > 44 GeV at 95% 
C.L. In the meantime appeared in the literature the complete (up to order as3) QCD 
calculation of heavy flavour production by Nason et al.l5, and the new set of 
structure functions of DFLM16. These structure functions are based on the latest 
deep inelastic neutrino scattering data and have a softer gluon distribution than 
earlier parameterizations. The reanalysis in Ref.7 of'the UAl experimental upper . 
limit on tf in terms of these new theoretical developments yields a slightly more 
conservative lower bound mt > 41 GeV (Fig.21). In this .estimate of the lower 
theoretical bound on tf production as3 terms are now included, but also uncertainties 
on as (i.e. AQCD), the Q2 scale and DFLM structure functions are employed. 

Fig. 20: The lower limit on Mt obtained by 
UAl. Curve (a) is the ratio of the 
experimental upper limit on tf production to 
the lowest order QCD production cross 
section with EHLQl structure functions and 
Q2 = Mt2 + P _1_ 2. Curve (b) is the ratio of 
theoretical expectations for tf production 
(lowest order) with DOl structure functions 
and Q2 = ~2 to EHLQl with Q2 = Mt2 + 
p _1_2. . 
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7.2 The UAl Experiment in the 1988/1989 collider runs 

b) 

60 

During the 1988/89 CERN pp collider periods, UAl intends to pursue its top 
search using its muon detection capability. The old electromagnetic calorimeters 
(gondolas 'and bouchons) have been dismounted and the replacement by tl].e new . 
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Uranium+ TMP40 calorimeter should not take place before the second half of 1989. 
The old hadron calorimeter is still in place, however. At present we are not able to 
trigger on electrons, thus the top decay channel into electrons is not available any 
more. The muon trigger and identification capability of the apparatus is however not 
substantially affected. In fact, the geometrical acceptance of the muon trigger is even 
increased by 30% with respect to previous data taking periods, and major 
improvements have been implemented on our trigger and data acquisition systems. 
The hadron calorimeter alone still provides adequate missing energy resolution, jet 
recognition and energy resolution for the medium E.1. jets encountered in the top 
search. A competitive top search in the muon decay channel is still possible. 

Fig.21: The band of theoretical 
expectations for tf production at 0.63 
Te V from Ref. 7, compared to the 
experimental upper limit from UAl. 
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Fig. 22: a) Energy resolution of the present (old) hadron calorimeter alone (black dots) compared to 
that of the old electromagnetic+ hadron calorimeter assembly (open dots). b)Missing transverse 
energy resolution with the stripped apparatus. The present resolution is CJ~T) = 0.77 -{ET. 
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Fig.22a shows the energy resolution ( a(E)/...fE) of the present (old) hadron 

calorimeter alone (black dots), as measured in a test beam, in comparison to the 
hadronic resolution of the old electromagnetic + hadron calorimeter assembly (open 
dots). The degradation of the resolution is obvious, but the resulting resolution is 
adequate for jets of E.1 > 12 to 15 Ge V. The hadronic calorimeter is still largely 

'hermetic', thus the degradation in the missing energy resolution is not very 
significant. This is visible from Fig.22b showing the missing E.1 resolution 

cr("E..L)IE..L vs. E.1 where E.1 is the total scalar transverse energy in an event. This 

measurement is obtained from a large minimum bias data sample taken in 1987 with 

the stripped apparatus. The present resolution is cr(E..L) = 0.77 ~as compared to 

cr("E..L) = 0.7 -{F:l with the old apparatus. As far as jet recognition is concerned, the 

improved azimuthal segmentation of the bare hadron calorimeter compensates in 
part for the loss in resolution. 

UA1 thus feels confident that, with the muon trigger coverage of I Ttl < 1.7, no 

excessive rt/K decay background for P ..Lil > 10 GeV/c (the increase over the previous 

situation due to the longer potential decay path is < 30%) and with a jet recognition 
capability at E.1jet > 10 Ge V, the domain of top masses investigated could be further 

extended, up to mt - 60 Ge V with the luminosity foreseen for 1988/89. Fig. 23 

shows some typical top decay (t --7 e/J.! b v) kinematical distributions for IDt = 50 

GeV. Notice that at -fS = 0.63 TeV the dominant top production mechanism for mt > 
45 Ge V becomes W --7 to, up to mt = 80 Ge V. · Fig.23b shows the expected P ..Lil 

spectrum, the useful domain should be P ..Lil > 10 to 12 GeV/c. Fig.23a shows the 

muon rapidity distribution for p..Lil > 10 GeV/c, which is to be compared to our single 

muon trigger acceptance of ITt I < 1. 7. Fig.23c shows the expected top decay b

quark transverse momentum. 

The ACOL collider complex may be expected to deliver up to 4pb-1 of 
integrated luminosity in 1988, and up to 10 pb-1 by mid-1989. Fig.24 compares the 
UA1 sensitivity limits to the top quark at 0.7 events/ph from the present analysis 
using the muon decay channel only (shaded bands), with what may reasonably be 
expected for an actual (i.e. on tape) sensitivity of 4 pb-1 in the present conditions with 
muon detection only. Fig.24 also shows the expected total + to top production rate. 
With conditions and cuts similar to our present analysis, which was optimized for a 
'light top' search, a sensitivity of 4 pb-1 would allow us to investigate a domain of top 
masses extending up to:::: 60 GeV. Notice that in this 45 to 65 GeV top mass 
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Fig. 24: Sensitivity limits to Mt of the UAl 
experiment at integrated luminosities of 0.7 
and 4 events/ph, from the top decay channel 
to muons only. 
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domain W ~ to production dominates, which has the double advantage of a simpler 
topology than for tf and a much more precisely known production rate, as it can now 
be normalized to the known W ~ ev cross section. 

7.3 Top production and decay for mt- mw 

It may be noticed from Fig.l9 that for mt- mw with a sensitivity of- 0.7 

events/ph about 0.5 top events (per leptonic mode) might have already been expected, 
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and few promising events have indeed been seen41 ,42. The top search must be 
optimized for this mass region, in particular without excluding a priori W ~ 1 v. 

consistent decays as done in a 'light top' search, and attempts must be made to detect 
the accompanying soft b-jets. In this mass range the top detection effiCiency 
(excluding decay b-jets) is essentially that for large P .L W production43, i.e. Ew::::: 30 

to 40% . This top mass region is particularly interesting if a sensitivity of::::: 10 
events/ph can be achieved, in which case the CERN collider top mass reach extends 
up to -100 GeV. 

We now discuss a few characteristic features of top production and decay for 
mt- mw. The pp ~ tr ~ w+w-bo final state has a rather specific kinematics41. 
The experimental signatures are a large transverse momentum P .l t - P .l w - mJ2, 
highly unbalanced transverse momenta of the two top decay products P .l W>>P .l b, 
and very dispersed and unbalanced W decay products, characteristic of large P .l W 
production. Several spectacular events observed by UAl and UA242,43 have indeed 
these properties and they might well be "early manifestations" of the top in this mass 
range41a.42. 

The top quark transverse momentum distribution (1/a) da/dP .lt for several 

top masses at fS = 0.63 and 2 Te V is shown in Fig.25. The average top transverse 
momentum is of the order of mt. Due to the limited phase space available, the high 
P .l t tail at 0.63 Te V is significantly suppressed in comparison to ...fS = 2Te V. In 
Fig.25 are also indicated the P .it values for the special events of UA1/2, if these were 

interpreted as tf production. · 

The transverse momentum distribution (l!a) da/dP .l b for the decay b quark is 

shown in Fig.26. It is in this variable that the crossing of the physical W decay 
threshold generates the most unusual behavior41. For mt < mw the P .l b spectrum has 
an extended shape with a long tail. As mt ~ mw the distribution shrinks to reach a 
minim tim < P .l b > - 10 Ge V at threshold, mt = mw + mb. With mt increasing further, 
the P .l b distribution-starts to expand again. This is a well kno\vnkinematics (Lorentz 

boost) effect (present for example in energetic A ~ p1t or 3 ~ A1t decays of the old 
days!) in decays with small decay Q-values. The momentum is shared between the t 
~ Wb decay products in the ratio P .l bfP .l w ~ mt/mw as Q ~ 0. Most of the large 
top transverse momentum P .l t is thus taken over by the decay W and the b jets are 
difficult to observe being very soft. Fig.27a shows the scatter plot of P .l b vs. P .l w for 

mt = 90 GeVat ..JS = 0.63 TeV, and Fig.27b for fit= 150 GeV at {S = 5 TeV. The 
unequal sharing of transverse momenta between the decay W and b for fit - fiw is 
particularly striking in these plots. The effect is however localized to mt- fiw, as for 
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mt = 150.GeV (Fig.27b) there is almost equipartition of transverse momenta. This is 
important for the Fermilab collider regime where for·a sensitivity of 10 events/ph 
the top mass reach extends up to- 150 GeV. The appearance of the decay b-jets may 
allow additional background (single W +jets) rejection criteria to be applied. 
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Fig. 25: Normalized top transverse momentum 
distribution at fS= 0.63 and 2 Te V, for mt - mw. 
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Another interesting feature concerns the W decay products .l-v or q-q. While 
at low P 1. W theW~ .l v decay products exhibit a strong correlation E_1_L - E.L v with 

a pronounced "Jacobian peak"43, for W's produced with large P .L this correlation 

disappears. As visible from Fig.28 it is replaced by an opposite correlation. This is 
. due to a large mass, large P .L object decaying into two - massless particles, with their 

transverse momenta being measured with respect to the pp beam line, and not the 
parent W line of flight. In Fig.28 are also indicated the kinematical configurations of 
the apparent WW events of UA1/2, and the typical detection thresholds of E.L l,v > 15 

Ge V. It is obvious that raising the lepton and/or neutrino threshold to 25 Ge V 
introduces a large loss of efficiency for such events. 

Fig.29 shows the total tf + to production cross section at -fS = 0.63 and 1.8 
Te V, and their ratio, as a function of mt. The message is clear: for mt > 80 Ge V the 
Fermilab collider has a substantial advantage in tf production rate (a factor > 20) 
over the CERN collider. For smaller top masses 50< mt < 75 GeV top production is 
in fact dominated by W ~ to production and the relative advantage of Fermilab ,is 
less pronounced, a factor4 to 10. 

Fig. 28: Correlation between· the transverse 
energies of the two leptons (or the two 
quarks) from a W decay, for W's produced at 
large P j_. 
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Fig. 29: The pp ~ top production cross 
section (from both tf and to mechanisms) as a 
function ofrnt at -.JS = 0.63 TeV and 1.8 TeV . 

From the left-hand scale of Fig.19, with a W ( ~ ~ v) detection efficiency43 of 

ew ::::: 0.3 at large P 1_ w, from - 0.7 to - 0.2 events per W leptonic mode can be 

expected for mt in the- 75 to- 90 GeV range, without any "stretching" of QCD 
expectations41. In this context it is interesting to recall that UAl has observed two42 
and UA2 one44 W ~ ~ v event accompanied by two hard jets with mjet-jet- mw. 

These events are suggestive of tf production in the mt- mw. 

The event of UA2 (labelled C in Fig. 28) is the only W + 2 jet event within the 
acceptance ofUA2 ( llljet I < 0.85 and E1_jet > 10 GeV). In this event P 1_w- 40 GeV/c 

. and with P .l w - P .l t in the tf interpretation, it. falls at about the most probable P 1_ t 

according to Fig.25. The jet-jet effective mass is - 60 GeV, somewhat low in 
comparison to mw, but cannot be excluded on a particular event. According to UA2, 

the production rate and the accompanying 2-jet kinematical configuration of this 
event is also entirely consistent with second order QCD corrections to single W 
production45. 
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UAl, in a larger jet acceptance ( llljet I < 3.0 and EJ.jet > 7 GeV}, has 10 W.+ 2 

jet events, for a total W ~ ev sample of,.., 300 events. The only two WW consistent 
UAl events (labelled A and Bin Fig. 28), have been widely discussed42. They are 
the two largest P 1. w events in the UA1 sample, with P 1. w ~ 65 GeV. The internal 
lepton-lepton and jet-jet decay configuration, with its characteristic E1. unbalance, is 
entirely consistent with expectations for large P 1. w production (Fig.28). The 
problem for the tf interpretation is the unusually high value of the observed pl. w. 

These two events represent a rather unlikely sampling of the expected P 1. w (or P J.t) 

distributions for tf production (Fig.25). At the observed P 1. w values the tf 

production rate is~ 0.07 events. However, the resolution on P l w is- 15% for large 
P J.w , the systematic uncertainty on the absolute energy scale is - 9% and the event 
probability is a very sensitive function of P 1. w. 

The single W + 2 jets background has also been extensively studied by UA142. 
The problem for these two events is again too large values of P 1. w. The situation is 
best summarized by Fig.30a showing the scatter plot of the effective mass M(W -jet1-
jet2) vs. P j_ w for all UAl W + 2 jet events42. The event population is compared to the 
expected QCD W + 2 jet production. It is properly clustered in the ·expected most 
probable region of the plot with the two events A, B rather separated from this 
population. They may be a tail sampling from this QCD population, but the expected 
number of events42 in this kinematical configuration is~ 0.05. The corresponding 
M(W -jet-jet) vs. P 1. W plot for events· A, B and C for the hypothesis is shown in 

Fig.30b. The contours correspond to UA1 acceptancies and detector simulation46, 
but event C can be meaningfully incorporated in such a comparison. The sampling of 
the expected tf population in Fig.30b provided by the three events tog.ether, however, 
is not so bad. 

In conclusion, the probability of the tf interpretation of these few events is as. 
good as any other found until now. Only higher statistics with a good understanding 
of rates and event configurations of the W + ~ 2 jet background could definitely 
confirm or reject the tf production hypothesis. A detailed experimental and 
theoretical understanding of W production at large P J., with associated jet 

multiplicities and event configurations, will be needed before top production in this 
mass range could be ascertained at ...fS - 2 Te V, despite the big advantage· in 
production rate. The forthcoming CERN and Fermilab collider periods, where - 10 
events/ph can be expected by the end of 1989, could clarify the situation. 
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7.5 The possible upper limit on mt from (cr~ 2. v)/(Z ~ 2.2.) 

A significant result concerning mt might come first from the improved 
measurements of the ratio of W ~ 2. v to zo ~ 2. 2. cross sections at CERN or 

Fermilab collider experiments. This ratio: 

R = cr(W ~ 2. v)/cr(Z ~ 2.2.) = crw/O'z BR(W ~ 2. v)/BR(Z ~ 2.2. ), 

is sensitive47,48 through the W, Z leptonic branching ratios to additional open 
channels, like W ~ to or Z ~ tf. R depends significantly on the top quark mass, if 45 

< mt < 75 GeV, as for mt < 45 GeV both the Z ~ ti and W ~to channels are open, 

while for 45 < mt <;: 75 Ge V only W ~ t5 remains. An upper limit on the top quark 

mass might be obtained from the comparison of the directly measured value of R to 
its theoretical expectation. The latter one can be expressed in terms of the total and 
partial widths of the Wand zo as follows: 

Rth= 

The ratio of total production cross sections Ra can be reliably calculated in QCD and 

is a slowly varying function of fS, while the second term Rr is predicted by the 

electroweak Standard Model. It contains all the dependence48 on the top quark mass 
and the number of neutrino families through the ratio rtotzrtotw· 
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Fig. 30: a) Scatter plot of theW-jet-jet effective mass vs. P .L w for the UA 1 W + 2 jet events with 
the expected QCD distribution. b) Scatter plot of the W-W effective mass vs. P .l w for tr 
production46. 
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The expected variation of R = RaRr as a function ofmt for Nv = 3 and 5 is 
shown in Fig.31 for a value Rcr = 3.25, with the hatched band showing the effect of 
the theoretical uncertainty48 ORa = ±0.1. A lower value of Rcr is clearly less 

constraining for fit. The prediction is compared to the present combined UA1/2 
experimental central value of Rand the upper limits at 90% and 95% C.L. Fig.31 
shows clearly that for large top masses the constraint is strong, but not yet su~h that 
mt > mw can be excluded at a 95% C.L.48,49 

The uncertainties on the present measurements of R are predominantly of 
statistical origin, due to the limited number of zo events49. A significant 
improvement on this measurement can thus be expected in the near future, and the 
CERN and Femiilab collider experiments, with- 10 events/ph by the end of 1989, by 
this method could definitively settle the question whether or not mt< mw. 
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8. Top Search atCDF 

The CDF detector has collected an integrated luminosity of 25 nb-1 in the 1987 
Tevatron Collider run50, which was not sufficient for top searches. We are presently 
taking data with a luminosity of 1030 cm-2 sec-1 and expect 2- 5 pb-1 to be collected 
in the 1988-89 run (the initial plan was for 1pb-1 in this running period). 

The main production mechanism at 1.8 TeVis the one of Eq.6.2, i.e. pp ~ tf 

+ X, via gluon fusion and qq annihilation. The rate for W ~ to is smaller than that 
for pair production at all top masses, except for m1- 60 GeV (see Fig. 4). The cross 
sections are clearly larger at 1.8 TeV than at 0.63 TeV, by large factors, 5 - 30, as it 
is illustrated in Fig. 29. For a top mass above 70 GeV, CDF has a clear advantage 
over the CERN experiments, for the planned data runs. 

As discussed in Sec. 2, the cross section uncertainties on top production are of 
the order of 30%. Using the cross sections from Altarelli et ai7, we, expect at 
different energies, the number of tf pairs produced shown in Table 5 . 

Table 5: Cross sections? and number of tr pairs expected at {S = L8 TeV. 

fit cr(pp ~ tfX) · tr pairs produced 
(GeV) (nb) for fLdt = 1pb-1 

+1.7 
40 9.63 7100- 11300 

-2.5 
+0.19 

60 1.27 920- 1460 
-0.35 

+0.037 
80 0.285 210- 320 

-0.077 
+0.011 

100 0.087 60- 100 
-0.023 

+0.003 
120 0.033 25-37 

~0.009 

These rates of production will allow CDF to use dilepton topologies for the lower 
masses. This is a clear advantage as background rates are lower for the channels e+e-, 
e+Jl-, or Jl+Jl-. The major background would be from bo production in all cases, 
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whereas for same flavor dileptons the Drell-Y an dilepton production background has 
to be taken into account. 

For higher masses, the topology "isolated lepton+ jets" would be the one of 
choice. In this case we have 

pp~tf+X 

14 (tv)o 
L. (u Cl) b 

(8.1) 

a lepton and at least four jets would be expected. However, the P 1. distributions of 

these jets depends on the top mass and quite often only two would be observed. In 
fact, quark fragmentation at low energies would spread the jet over a large area, so 
that, in the presence of underlying event and gluon radiation, it would be difficult to 
detect. 

The P 1. distributionS! of the bottom jets is shown in Fig. 32 for different top 

masses. Clearly the kinematics changes as the top mass reaches the W mass, as 
already discussed in Sec. 7 .3. At this energy the 3-body decay of Equation 8.1 
becomes a two body decay, because the W is real. The b quark, being much lighter 
than theW, will have very little P J.. A more detailed study of this topology will be 

discussed in Sec. 8.3 

In CDF the muon coverage is only partial ( l11l < .65 in the central region), 

whereas the electron coverage extends to all the rapidity region for necessary top 
production ( l11l < 3). Therefore, we will concentrate here on the electron analysis. 

Fig. 33 shows the inclusive P 1. spectrum for electrons produced in the bo, tf and W 

final states51. Several top masses are shown. These spectra include only the 
branching ratio into electron, 100% detection efficiency is assumed. The EHLQ 1 
structure functions are used and the choice of scale is Q2 = P 1. 2 + m2. 

It is clear that electrons from b productions are many orders of magnitudes 
than those from top. The b production mechanism used for the calculation of Fig. 33 
is a 2 ~ 3 process52 which includes: gg ~bog, gq ~ boq, and qq ~bog. The total 

cross section forb pair production at 1.8 TeVis in the range of 30- 60 ~b (see Fig. 

5). For low mass top this is the major source of background from real electrons. 
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Fig. 32: P ..L spectrum of the bottom jet from top 
decay at various top masses. 
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Fig. 33: Inclusive P ..L distribution of 
the electron from top and bottom 
semileptonic decays and for W ~ ev. 
Only the branching ratio into electron 
has been included in the rate. 

Another source of background is due to electron misidentification, i.e., pions 
or photons from QCD processes that fake electrons. This,we discuss next. 

8.1 Electron Identification in CDF 

Description of the CDF detector can be found in Ref. 53. We outline here the 
selection criteria for electrons in the central calorimeter, similar criteria can be 
applied for the rest of the solid angle.The central calorimeter ( l11l < 1) electron 
identification is based on information from the calorimeter towers (segmentation is 
~11 = 0.1 and ~<I>= 150), and information from strip chambers. These are located at 
the maximum of the electromagnetic shower, and measure the shower position and 
pulse height in two dimensions. Requirements are based on: 

a. ratio of hadronic to electromagnetic energy, 
·b. consistency of shower shape in calorimeter towers to test beam data, 
c. matching of shower position in the strip chambers with that expected, 

from the track measured in the central tracking chamber (CTC), 
d. consistency of strip chamber pulse heights with test beam data, 
e. matching of energy in calorimeter with the measured momentum in the 

central tracking chamber. 
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f.. isolation, which uses the ~11, ~<I> segmentation of the calorimeter. 
This type of analysis except for requirement d., has been ·p~rformed to study w 
production54. Plots of some of the above variables are shown in Fig.34. · 
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For the top studies we plan to put more stringent requirements than for the W 
sample. We will have plenty of statistics to optimize the cuts. These will have to 
remove backgrounds from n+rto oveilaps, conversion pairs (there will be additional 
requirements on the charg~d tracks measured in the CTC in the vicinity of the 
electromagnetic shower), and charged pions interacting early in the e.m. 
calorimeter. The present estimate is that the background will be less than 30%. 

' . 

8.2· Bottom Quark Background 

For low mass top, the electron rate from b pair production is dominant. The 
electrons from b decays, however, ~re generally not isolated, so the backgr_<;mnd 

· shown in Fig.33 can be reduced substantially by applying an isolation cut. 

A preliminary study has been done by generating the reaction pp ~ bo in 
ISAJET55 and then using our detector simulation and. analysis package. These events 
are only part of the processes that contribute to bottom production, the major 
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contribution, about a factor 3 larger, being bottom pairs from gluon splitting, the 
process which was used for the spectrum shown in Fig. 32. A study of this process 
with ISAJET and detector simulation is in progress. These electrons, however, are 
expected to be strongly suppressed by the isolation cut, since the two b's will not be 
back to back. 

The present study shows that, starting with ·a bo cross section of 23 Jlb, the 
electron cuts and the requirement of 2 clusters in the event with ET > 7 GeV, 
eliminate most of the events except for a small number, equivalent to an observed 
cross section O'obs = 0.48nb. 

Fig. 35 shows the electron P .1 spectrum for these events. Also shown is a 
sample of pp ~ tf events for mt = 40 Ge V, that went through the same analysis. For 
the top sample O'obs = 0.45 nb, however, the spectra are quite different and a cut at 10 
Ge V leaves little background under the top signal. 

Fig. 35: The electron ET spectrum for 
observable bo (unshaded) and tf (shaded) 
events. Obtained using ISAJET, the CDF 
detector simulator and the analysis described 
in the text. 
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Clearly more detailed studies need to be done, and all b production processes 
need to be simulated. We expect that the background from the 2 ~ 3 processes can 
be considerably reduced by the isolation requirement on electron candidates. Of 
course, as discussed in Sec. 2, the b cross section is quite uncertain. We will have to 
measure it at 1.8 Te V and understand the characteristics of the b events in the CDF 
detector. 
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8.3 W +Jets 

Fig. 36 shows the P .L spectrum for electrons from W production. Most of the 
W's have low P .Land are not associated with jets. Since top events tend to have high 

jet multiplicities, we have studied in more detail the processes 
pp ~ W+ ljet 
pp ~ W +2jets 

for which matrix 'elements have been calculated.56,57 These matrix elements 
diverge at low P .L and special care should be taken in using them. Exact calculations 
of the P .L w spectrum have been done by Altarelli et ai.58, taking inro account all 
higher order processes and all necessary cancellations. With P .L cuts on the produced 

jets, the matrix elements of Ref. 56 and 57 are expected to be adequ~te. 
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~ W + 1 JET 
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Fig.36: a) Inclusive W ~ ev production cross sections at 1.8 TeV. The curve labelled ALL W's, 
has no cuts. The jet requirements are explained in the text. The curve labelled· W + "W" requires the 
two jet mass to be in the interval M12 = 80 ± 25 GeV. b) Invariant mass of the two observed jets. 
This and subsequent figures are obtained using the program PAPAGENQ.Sl 

A preliminary study of the W +jets backgrounds have been made with parton 
level calculations-using PAPAGENQ51 (which uses the matrix elements of Ref. 56 
and 57), and crude estimates of detector efficiencies. Cuts on electron and jets are as 
follows: 

... 
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a. electron cuts 

Pj_e> 12GeV 1111 < 2.0 (8.2) 

b. jet cuts 

Ej_jet > 15 GeV 1111 < 3.0 (8.3) 

dR>0.8 for Njets ~ 2 (8.4) 

where dR is the radius in d0 and d11 for two jets, to be found as separate clusters by 

the CDF cluster algorithm. The 15 GeV jets appear in CDF as cluster with an 
average energy around 10 GeV in a cone of dR = 0.7. The 11 cuts are imposed to 

reduce QCD background. 

Fig. 36a shows the distribution of the P j_ of the electrons from W's. Only the 

W ~ ev branching ratio is included in the total rate, whereas the above cuts have 

been used for the other curves. The production rate is reduced by a large factor 
when two observed jets are required. The invariant mass of the jets is shown in Fig. 
36b. For mt- mw, we expect two W's in the event, so it is interesting to see how 
often the two jets are close to the W mass. The curve W + "W" shows the electron 
spectrum for the events with M Uet 1 + jet 2) = 80 ± 25 Ge V, where a preliminary 
estimate, a = 13 Ge V, of the two jet mass resolution at the W has been used. 

The total rates are shown in Table 6. We reiterate that only the requirements 
of Eq. 8.2- 8.4 are included in the calculations, no detector acceptances are taken into 
account. Note that, taking into account detector resolution the W + "W" cross section 
is larger than the pp ~ WW production (a= 2±1pb) by a large factor. 

Next we do the same analysis on top events at different masses. The same 
requirements (EQ. 8.2- 8.4) are imposed on the electrons and the jets. The observed 
s.B for five different top masses, and for different number of jets are shown in Table 
6. 

We now compare the electron spectrum for W + jets and top production for 
different topologies. Fig. 37 shows the electron + 1 jet spectra. Clearly the W 
production is much larger than the top at all except the 40 Ge V top mass. Fig. 38 
shows the same spectra for the 2 jet case. Again the W + 2 jets dominates the 2 jet 
topology, except for 40 GeV top where the electron spectrum is softer than for W. 
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Table 6: Inclusive electron cross sections for W and top production Requirements are: electron P .l > 
12 GeV, jet P .l > 15 G_eV, jet separation (inn.<!>) t:\R = 0.8 for two or more jets. The Tl cuts are 
shown in Eq. 8.2- 8.4. All rates are calculated using the Montecarlo program PAPAGENQ51. 

Total a 
e + njets e + 1 jet e+2jets e +> 2jets 
cr.B(pb) cr.B (pb) cr.B (pb) cr.B (pb) 

40 1310 246 68 130 
60 188 24 20 74 
70 86 7.7 10 45 
90 23 3.8 7.8 10.9 

100 14.5 0.6 1.1 11.4 
All W's 2000 
W + 1 jetb 423 330 
W + 2jetsb 79 44 
W + "W" 15 

a. No cuts are applied here: n ~ Ojets, all electrons are included 
b. Jet P .l > 10 GeV required for total cross section calculation. 

For mt = 60 Ge V, the W background is already larger than the top signal in the 1-jet 
or 2-jet topologies. 

Fig. 37: Inclusive electron P .l spectra for the 
electron and one jet topology. Curves refer 
to W and top production at several masses 
(see text). 
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The W + 3 jet production has not been calculated at this point, and we do not 
have any estimate of its cross section. But, assuming that it is not larger than the W + 
2 jet cross section, from Table 6 we expect to be able to use the e + 3 jets topology to 
separate top from W, up to mt- 60 GeV. 
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As we approach the W mas's, the situation becomes more complicated. W 
production dominates top production. Fig. 38b shows that at mt = 90 GeV theW+ 

"W" rate is about twice that of the top signal. Clearly just the production rate and the 
P .l spectrum are not enough to detect a top signal. At masses mt- mw one possible 

handle is the detection of the b jets, which are very soft. Any other variable, a priori, 
seems to be the same for the two cases. 
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Fig. 38: Inclusive electron P .l spectra for the electron and two jet topology a) W + 2 jet and three 
different top masses, b) W + 2 jets, W + "W", i.e., the tow jets are required to be in the interval M 12 
= 80 ± 25 Ge V and mt = 90 Ge V. 

In summary, the background from W +jets is severe for top mass mt- mw. 

For masses below 70 Ge V, a top signal could be separated from W signal because of 
the presence of events with njet;::: 3. Other variables, not discussed above, that would 
be very useful are: the transverse mass M.l (ev), the .2.E.i in the event, the ET etc. A 

combination of these variables and the jet multiplicity, should allow detection of a top 
signal. 

Finally, all above results were obtained with crude requirements on the jets. 
Effects of fragmentation, which make the definition of a jet difficult especially at low 
energies, and of underlying event, that contributes to the uncertainty in jet energy 
measurements, are quite important and have to be taken into account. We chose 15 
Ge V cuts on the jets in order to be in an energy region where these effects may not be 
too large. Studies of low energy jets in CDF are underway. 
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8.4 Summary 

Preliminary studies show that the b background to a top signal in CDF can be 
reduced considerably by isolation cuts, especially for p"e > 10 GeV. · 

A preliminary study at the parton level ~ith simple detector simulation shows 
that the W + jets background could be estimated for mt < 70 Ge V, whereas at mt ,..., . 
mw detection of a top signal is going to be difficult. 

More complete Montecarlo studies are needed f'?r both types of backgrounds 
and are underway. 

With the expected integrated luminosity in the 2-5 pb-1 range, Table 5 shows 
that CDF could be sensitive to top masses up to about 100 GeV. It is going to be a 
challenge if top really lies in the 70- 100 mass region! 

9.0 Summary 

There will be a lot of data in the near future relevant to top searches. Present 
estimates of mass limits for the various detectors and accelerators are as follows: 

1. 

mtop 
HERA ~80GeV 

SLC-LEP ~mzf2 

LEP II ~90 

UA2 ~70 

UA1 ~ 100 
CDF ~ 100 
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