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1. Heavy quark production

1.1 Limits on the masses of new heavy quarks.

The ability to set limits on the mass of the top quark in pp collisions depends crucially
on our understanding of the production cross section. In the Born approximation
there are three partonic mechanisms by which a top quark may be produced at a

hadronic collider.

1) g —t+X

2) gg =+ X

) gqgg - W+ X
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Process three is viable as a source of top quarks only if the decay W — ¢b can
occur. The importance of the third process can be fixed experimentally from the
observed rate for W — ev, assuming the branching ratios of the standard model.
The rates for the first two processes are controlled by the parton cross-sections which
have been calculated through order of[1] and by the flux of quarks and gluons which
are energetic enough to produce a pair of heavy quarks of a given mass. At v/§ =
0.63 TeV, the continuum production of top quarks with mass heavier than about
40 GeV is dominated by quark-antiquark annihilation. At +/5 = 1.8 TeV the quark-
antiquark process only dominates for m, > 100 GeV. The total cross section[1,2] is
shown as a function of top quark mass in Fig. 1. The band of values gives an estimate
of the theoretical error due to uncertainties in ag and in the structure functions.
The scale at which the running coupling as and parton distributions are evaluated is
denoted by u. The 1 dependence of the cross section gives some idea of the importance
of uncalculated higher orders. As an example the x dependence of the cross section
for the production of a 120 GeV top quark is shown in Fig. 2. The inclusion of next-
to-leading (NL) corrections reduces the y dependence of the theoretical prediction.
In the region in which the production is dominated by quark antiquark annihilation
the theoretical error on the cross section is expected to about +25%. This error is
estimated by varying the coupling constant ag, the parton distributions and the scale

4 in reasonable ranges.



-2- FERMILAB-Con{-90/45-T

Experiment Limits [GeV] (95% Confidence level) Signal
UA1[3] me > 53 Single muon +2 jets
UAL[3] my > 41 Single muon +2 jets
UA1[4) me > 46 Dimuon events
UA2[5] my > 67 Electron + jets
UA2[5] me > 53 Electron 4 jets
CDF{6] 40 < m, < 77 Electron + jets
CDF{7] 28 <m, < 72 Electron + muon

KEK (Amy)[8] m, > 30.4,my > 29.8 Isolated lepton
SLC(Mark II1){9].| me > 38.5, my > 43 - Event shape

Table 1: Limits on the masses of the top and &' quark

The experimental limits on the mass of the top quark are shown.in Table 1.
Note that most of these limits assume the standard branching ratio into leptons
BR(t -l + X) = 11%. The highest limit is provided by the CDF electron plus jets
analysis[6]. Approximately comparable limits are derived from analyses performed
in different decay channels. In the troublesome region in which the mass of the
top is within 20 GeV of the mass of the W, the cleanest analysis comes from the
sample of events with an electron and a muon in the final state. In the CDF analysis
candidate electron muon events are selected according to criteria detailed in ref.[7].
The resulting sample of 45 candidate events is shown in Fig. 3. The top signal region
is defined as

pr(e) > 15 GeV, Er(e) > 15 GeV, (1.2)

so as to avoid the background, primarily due to bottom quarks. The expected signal
in this region is 33(7.5) events for a top quark of mass 28(70) GeV. In the signal region
one ey event is expected from the process Z® — 77 and 0.2 events from Z° — bb.
Vector boson pair production gives 0.15 events from WW and 0.05 events.from W Z
in the signal region.

One event is found in the top signal region as shown in Fig. 3.- This event has
an isolated electron with Er = 31.7 GeV and an isolated opposite sign muon with
pr = 42.5 GeV. This event also contains a second muon candidate in the forward

muon detector with a transverse momentum of 10 GeV and a jet with a calorimeter
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Figure 2: 1 dependence of cross-section for top quark production
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Figure 3: Electron transverse energy vs. muon transverse momentum in 4.4 inverse
picobarns of CDF data.

transverse energy deposition of 14 GeV.

The conclusion from the results of this year is that the top quark is unlikely to be
found in the decay products of the W. From Table 1 one can see that m, > my — ms
at 95% confidence level. It therefore appears that the top quark ic rather special. It
is more than 50 times heavier than the charm quark and more than 15 times heavier
than its sibling, the bottom quark. Dynamical symmetry breaking schemes which link
the mass of the top quark to the scale of electroweak symmetry breaking suggest top
quark masses in excess of two hundred GeV{10]. The upper bound on the top quark

mass from precision electroweak measurements is considered later in this report.

The above limits are derived under the assumption of standard branching ratio. A
simple model which leads to a non-standard top quark decay is the two Higgs doublet
model which has been investigated (inter alia) by Glashow and Jenkins[il]. Top
limits can be translated into bounds on the ratio of the vacuum expectation values
of the two Higgs fields{12].



i FERMILAB-Conf-90/45-T

1.2 Future prospects

The future prospects for the discovery of the top quark can be judged from Fig. 1.
The elimination of the region mr < mw — m, appears to put the top quark out of
reach of the CERN collider with the presently expected increase in the accumulated
luminosity. I shall therefore concentrate on the discovery potential at the Tevatron.
The next scheduled run of the Tevatron begins in June 1991, when an integrated
luminosity of about 20pb~* is expected to be recorded by both the CDF and the D0
detector. From Fig. 1 it might be assumed that an increase of the exposure by a
factor of four would increase the top guark limit by only 20 GeV. The increase in
reach is in fact considerably greater because, when m; > mw, the b jet present in the
decay ¢t — W + b is stiff enough to be resolved. The decay of the ¢ and the # produces
W plus three or four resolved jets and the problem of QCD background, present in
the W plus two jets channel is less severe.

1.3 Bottom quark production

Bottom quark production remains of great interest. It is vital to have good informa-
tion on the cross-section for the production of bottom quarks to assess the feasibility of
hadronic experiments dedicated to the study of bottom. Unfortunately, little new in-
formation on this subject was presented at this conference. The UA1 collaboration[13]
presented a new result, shown in Fig. 4, from the analysis of ey events using old data
from the 1984-1985 run. The theoretical curves in Fig. 4 are from ref. [14]. The new
experimental result is consistent with the published results[15] using other signatures
for bottom quarks. Note that the problem of the excess of bottom quarks observed
experimentally at large ™" is not yet understood.

The only other result on bottom quarks presented at this conference by the
UAL collaboration(16] is a confirmation of earlier results on B® — B° mixing. Let
N(B°)(N(B®) be the number of particles which decay as B°(B°) given an initially
pure beam of B mesons. We define x as

_ N(B°)
X = (B < N(BY) (1:3)
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Figure 4: Cross-section for bottom quark production
UA1 find that,

X = 0.18£0.08, 1989

x = 0.16 £0.06, 1983 — 1985. (1.4)

In order to make statements about B — B and B? — B? mixing one must unfold to
obtain x4 and x, separately,

_ _, B(B} — u)
X = PdXd t PsXsy Pi = h‘-_é-(b_’_ﬂ-)— (1.5)

This requires knowledge of h;, the fraction of & quarks which hadronise as B? mesons,.
B(B] — p), the semi-muonic branching ratio of B? mesons and B(b — i), the
average semi-muonic branching ratio for all bottom hadrons. In Fig. 5 the results are.
shown assuming p; = 0.36, p, = 0.18 for UA1 and py = 0.45, p, ~ 0 for ARGUS and
CLEO. UA1 conclude that both B§ — B and B? — B? mixing are needed to explain
the data.
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Figure 5: Mixing results from UA1l compared with CLEO and ARGUS
1.4 D-mesons in jets

A question of experimental interest is the frequency with which heavy quarks are
found amongst the decay products of a jet. Since hadrons containing heavy quarks
have appreciable semi-leptonic branching ratios such events will often lead to final
states with leptons in jets. If we wish to use lepton plus jet events as a signature for
new physics we must understand the background due to heavy quark production and
decay. New results were reported at this conference on the number of D* per jet by
the UA1 collaboration[18] and by the CDF collaboration[19)].

The number of QQ pairs per gluon jet is calculable(20]. A gluon decaying into a
-heavy quark pair must have a virtuality k* > 4m?. Perturbative methods should be
applicable for a sufficiently heavy quark. The calculation has two parts. Firstly one
has to calculate ny( E?, k?), the number of gluons of off-shellness k? inside the original
gluon with off-shellness E2. Secondly, one needs the transition probability of a gluon
with off-shellness k? to decay to a pair of heavy quarks.
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The number of gluons of mass squared %? inside a jet of virtuality E? is given by,

B g = [ A "exp (2N, /m8) In( B/ A%
o (B ) [m(kzmz)] exp v/|(2N, /xb) In(k?/A%)] (1.6)
where

and b is the first order coefficient in the expansion of the 3 function. The correct
calculation of the growth of the gluon multiplicity, Eq. (1.6), requires the imposition
of the angular ordering constraint which takes into account the coherence of the

emitted soft gluons.

Rqog is the number of Q@@ pairs per gluon jet. The final result for the number of
heavy quark pairs per gluon jet is[20],

2 2 2 2

Rop = 61—7; - %as(ka) [1 + gg:—] — 4%- ng(E?, k%) (1.8)

The predicted number of charm quark pairs per jet is plotted in Fig. 6 using a
value of A®®) = 300 MeV and three values of the charm quark mass. For comparison
the number of bottom quarks per jet with A(¥) = 260 MeV is also shown plotted in
Fig. 6. The data point shows the number of D* per jet as measured by the UAl
collaboration{18] and by the CDF collaboration[19]. In order compare these numbers
with the cé pair rates shown plotted in Fig. 6, a model of the relative rates of D and
D* production is needed. For example, if all spin states are produced equally one
would expect the charged D* rate to be 75% of the total D production rate. The
points in Fig. 6 need to be corrected upward for unobserved modes before they can

be compared with the curves for the total ¢ pair rate.

2. Jet Physics

2.1 Inclusive spectra and compositeness limit.

Fig. 7 shows a comparison of the jet Er distribution obtained at the ISR[21], the
CERN collider [22] and the Tevatron[23]. The data are in good agreement with the

predictions of perturbative QCD over many orders of magnitude. The theoretical
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Figure 6: Heavy quarks in jets compared with UA1 and CDF data.

curves are lowest order and vary due to the choice of scale in the coupling constant
and the parton distribution functions. These variations are too small to be visible
on a logarithmic plot. In addition the experimental errors due to the overall scale .

uncertainty are large.

If quarks are composite the couplings between gauge bosons and fermions de-
velop form factors. Deviations from point-like behaviour should be observed as the
compositeness scale A* is approached. Due to interference effects the existence of
quark substructure should be apparent well below the energy scale associated with
the binding of the consituents. Because identical quarks must share common con-
stituents, flavour diagonal contact interactions are necessarily induced. For example, .
in -models in which both chiral components of the quark field ¢ are composite, the
contact terms are,

2
g _ ~ - _ - —
Lint = 5 A"_‘, nLLdrY*qrqrvudr + MrRRIRYYQRIRVUYR + ZTJLRQL'Y"qLQR‘YuqR] (2.1)

These operators, which are low energy manifestations of the constituent interchange
process, can be used to set a limit on the scale at which quark substructure mani-

fests itself[24]. If A* is larger than the scale of electroweak symmetry breaking, the
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Figure 7: Comparison of inclusive jet data.

left-handed and right-handed fields are distinct species and the induced contact in-
teraction should not conserve parity. For simplicity, the form of the contact term is

taken to be,
4w

A*3
This corresponds to the choice g2 /(4x) = 1 for the strength of new metacolor inter-

Line = gL qrdrY.qs.- (2.2)

action. This contact interaction gives rise to interference terms in the cross section of
order s/(A*3as) relative to the standard point-like interactions. Fig. 8 shows the the
effect of compositeness on the jet-jet invariant mass distribution. Bertolucci[23] has
presented data on do/dEr normalised to Er < 150 GeV and set the following limit.

on the compositeness scale,
A* > 0.95 TeV at 90 % confidence level. (2.3)

This compositeness test is becoming quite siringent. In compositeness models in
which the electroweak symmetry breaking is due to a condensate of preonic fields
which also generate the quark masses, the scale A* is expected to be of order /(v*/m)
where v = 250 GeV is the scale of electroweak symmetry breaking, This compos-
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Figure 8: Compositeness limit.

iteness limit only applies to quarks and in no way constrains the scale of electron

compositeness,

2.2 Higher order corrections to jet cross-sections.

Recently two groups(25,26] have used the higher order corrections to the two-to-two
scattering matrix elements[27] to calculate jet cross-sections. Two important features
emerge from this work. Firstly, the dependence on the scale g at which the coupling
constant and the parton distributions are evaluated is reduced after the inclusion of
the higher order terms. Secondly, the cross section depends on the size of the cone.
used in the definition of the jet. In fact, the dependence on the cone size is a testable-
prediction of the theory. The presently published theoretical results on the jet cross
sections are for a limited number of sub-processes and are therefore partial results.

Full results should be forthcoming soon.
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2.3 Observation of the hadronic decays of the vector bosons

The UA2 collaboration[28] have made a detailed study of the jet-jet invariant mass
distribution and have found evidence for the hadronic decays of the vector bosons.
This analysis is an extension of earlier work[29] by the UA2 collaboration. The
motivation for this work is to check standard model predictions and to provide a
test case for jet spectroscopy at hadron colliders. The experimental challenge of this
analysis is formidable, since it requires an understanding of the QCD background and

control on the scale and resolution of the mass measurement.

The UA2 collaboration have measured the jet-jet invariant mass distribution and
-attempted a fit to the data with the following three functional forms,

do

- - — 2
= m}; or m%e P™ or m%e~fme ™ (2.4)
deJ Ji 17 17

The fits are found to be rather poor. They therefore refit the data excluding a
mass region Am with a central value (m). The best fit is obtained with the choices
Am = 30 GeV and (m) = 85 GeV. Note that this region has been selected in an

unbiased way without any assumption on the line shape.

‘To proceed further the UA2 collaboration now make specific assumptions about

the line shape.
[(Z — q9)
(W — q7)

The fit to the data is shown in Fig. 9. They obtain a five standard deviation peak

Mz/Mw = 1.14, = 0.43 (2.5)

5620 £ 1130 events, mw = 78.9 £ 1.5 GeV (2.6)

Monte carlo studies using the measured vector-boson cross sections from UA2, Eq.(3.4),
give an expectation of 4250 + 150 events. Note however that the interference effects-
between QCD and electroweak processes can substantially modify both the shape
of the invariant mass distribution and the event rate[30]. They must therefore be

included if the W, Z rates are to be determined from the measured distribution.
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Figure 9: Evidence for the hadronic decays of the W and Z.

3. Vector boson production.

3.1 Lepton pair production.

The cross-section for the continuum production of muon pairs has been presented by
the UAL collaboration [31]. The result in the region above the upsilon is

(M, > 11 GeV/c?) = 0.24 + 0.04 (stat) £ 0.05 (sys) nb. (3.1}

Within the large errors this in agreement with the production rate shown in Fig. 10.
UA1 have also presented results on upsilon production[31] which are in agreement

with earlier measurements,
o(pp — T, T'Y")B(T,T'T" — p*u~) = 0.75 + 0.10 (stat) £ 0.20 (sys) nb. (3.2)

The cross section is an order of magnitude bigger than found in pp collisions at the

ISR. This is in accordance with expectations from the gluon fusion model.
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Figure 10: Predicted total rate for Drell-Yan pairs.

By examination of a sample of high mass unlike sign lepton pairs a lower limit can
be set on the mass of a possible new vector boson. In general, bounds on the mass
can be set only after assumptions about the couplings to quarks and leptons have
been made. Assuming the new vector boson, Z’, has the same couplings as the Z of
the standard model, the UA2 collaboration obtain Mz > 216 GeV at 90% confidence
level(32]. It is amusing to note that the UA2 collaboration have one event with
M = 279 GeV. They estimate that the number of electron pairs with mass greater
than 200 GeV in 7.8 pb~! of data from standard model sources should be 0.035. A
similar estimate can be obtained from Fig. 10. At the Tevatron the cross-section for
the production of lepton pairs with a mass greater than 200 GeV and standard model
couplings is more than ten times bigger than at CERN. No limit on the mass of & 2’
boson has been presented by CDF. From Fig. 10 one can anticipate that with their
present data sample the CDF collaboration is sensitive to a 2’ with standard model

couplings and a mass of at least 300 GeV.
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3.2 Production properties of W’s and Z’s.

The cross-sections for vector boson production are determined by the parameters of.
the standard model and the parton distribution functions. The three quantities a, Gp
‘and Mz are well measured and hence will serve as the fundamental parameters. In
the standard model My can be calculated from these parameters, if the mass of the
top quark is known. Since the mass of the top quark is not yet known, we consider

My also to be a free parameter to be determined by experiment. We use the values

1

5 OF = 1166 x 107% GeV™?, Mz = 91.17 GeV, Mw =80.3 GeV -

(3.3)
which are derived from Mz as determined by Mark IT and Mz — My as determined by

a(Mz) =

CDF. In the standard model these values imply a top quark of mass about 150 GeV
(with large errors). The branching ratios to leptonic final states are calculated as-
suming that neither the W nor the Z can decay into the top quark. Table 2 shows
the cross sections calculated in O(as) using the parton distributions of DFLM][33]
and the value of A®) = 170 MeV. The order O(as) terms contribute about 25% to
the total. The theoretical error on these numbers shown in Fig. 11. The theoretical
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o¥ [nb) | o% - B [pb] | o7 [nb] | ¢Z - B [pb]
V5 =630 GeV, A = 170 MeV 5.78 626 1.80 61
V5 = 1800 GeV, A = 170 MeV | 19.8 2146 6.07 203

Table 2: Central values of theoretical cross sections for W and Z production.

errors are estimated to be £10% from corrections of order o and higher, +3% from
structure function uncertainties and +1% from the uncertainty in the mass of the W,
The most recent results for the vector boson cross sections at +/§ = 630 GeV from

UA2(34] are in good agreement with theory.

o% B = 660 + 15(stat) + 37(sys) pb, o?B =70+ 6(stat) & 4(sys) pb (3.4)

The production of W’s in association with jets is important because it represents
one of the principal sources of background to top searches in the electron plus jets
channel. CDF results on the pr of the W have been reported by Kamon[36]. The
inclusive pr distribution is a good place to check the production dynamics of vector
boson production, since the theory is well understood. A complete order O(a3)
calculation has been performed by two groups[37]. Fig. 12 shows the preliminary -
results on the W-pr spectrum from the CDF collaboration. The data have been
-corrected for acceptance and efficiency, but not for the smearing due to the finite
energy resolution. Also shown on the same plot are the predictions of Arnold and
Reno for both the energy of the Tevatron and of the CERN collider. Results on the pr
of the W have also been reported by the UA2 collaboration{35]. They have performed
& detailed study of the effects of detector resolution. They conclude that for small pr -
there are uncertainties of similar-size in the experiment and in the theory. At high pra-
the effects of detector resolution introduce an uncertainty larger than the theoretical
uncertainty. The fraction of the observed W’s above 25 GeV is found to be

o¥(pr > 25 GeV)
oW

=3.94£0.7+0.6% (3.5)

which is in agreement with the theoretical expectation{17] of between 3 and 6 %.
Thus the UA2 collaboration find no evidence for physics beyond the standard model
in W production at large pr.
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Figure 12: The transverse momentum distribution of W-bosons.

The UA1 collaboration[38] have reported preliminary results from their analysis
of the 1988-1989 data sample. Before background subtraction they find two events
with pf¥ > 60 GeV in a total sample of 489 + 36 W candidates. These two events
contain a W accompanied by two jets and are similar to the two events found in
earlier runs[39). The-theoretical expectation[17] is that only about 0.3 + 0.09% of
the produced W’s should have p}¥ > 60 GeV at /§ = 0.63 TeV. The corresponding
figure at /S = 1.8 TeV is greater than 2%, so more copious production of this type of
event would be expected at higher energy. Moreover the high pr events are expected
to contain predominantly one jet. Since CDF do not find an excess of two jet events
at p¥ ~ 60 GeV it .appears unlikely that the UA1 events indicate the opening of a.
new physics threshold.

Tke pr distribution of Z bosons is a good way to measure the strength of the QCD
coupling because the transverse momentum of the vector boson is measured directly.
At present the statistics are too low to make a good measurement. Preliminary results.
of the CDF collaboration are shown in Fig. 13 compared with the predictions of Arnold
and Reno[37]. The effects of finite detector resolution have not been included.
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Figure 13: The transverse momentum distribution of Z-bosons.
3.3 The vector boson cross section ratio.

The ratio of the observed number of charged and neutral vector bosons has a long
history associated with this conference. It was originally proposed by Cabibbo[40] at-
the Rome conference in 1983 as a method of counting the number of neutrinos, but
it provides provides a precision test which is sensitive to several parameters of the
standard model. The experimentally measured ratio for the observed leptonic decays

can be expressed as follows,

_ o(pp - W)B(W — Iv)

R= s = 20BZ ST

= R, - Rpg. (3.6)

where Rgg is given by,

_ B(W - W) _ (W - Iv) T(Z — all)
"~ B(Z - Hl-) T T(W — al)[(Z — I+)

Rgr (3.7)

The value of Rpp can be obtained from the measured R after inclusion of theoretical
information on the ratio R,. Within the context of the standard model the value of
Rpr depends on the mass of the top quark through the total W width, if the decay

W — tbis kinematically allowed. It also depends on the number of massless neutrino
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Figure 14: Comparison of data and theory for R ratio.

species through the total Z width. The presently quoted values[34,41]for this ratio

are

R = 10.35%]3(stat) + 0.3(syst) : U A2

H= 10.3 & 0.8(stat) & 0.5(syst): CDF (3.8)

These values are shown plotted in Fig. 14, compared with theoretical predictions from
Martin, Roberts and Stirling[42].

The measurement of the ratio R will continue to be of interest through the next
decade, although the particular features of the standard model which it tests will.
change as a consequence of results forthcoming from other experiments. The limits
set on the top quark mass by Rgp have the advantage that they do not depend on
any assumption about the semi-leptonic branching ratio of the top quark. Taking the
width of the Z as measured by the e*e~ colliders, SLC and LEP, p7 colliders offer a
unique opportunity to measure the width of the W. Using the values R, = 3.23+0.03
and I'(Z) = 2.57+0.07 GeV, the CDF collaboration find[41] T(W) =2.19+0.12 GeV.

The measurements quoted above are statistically limited by the number of pro-
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duced Z’s. An increase of the number of massless neutrinos from 3 to 4 increases the
ratio R by 7%. Hence a measurement of the ratio R sensitive to fractions of a massless
neutrino should be possible in the future. This should provide a nice confirmation of

the results from ete™ annihilation.

The extraction of physics from the experimental value of R relies on an accurate
estimate for the theoretical ratio R, and its errors. The dominant theoretical uncer-
tainties in the K, ratio are the value of the weak mixing angle, 8w, and the values of
the parton distribution functions. The sensitivity to the parton distributions enters
especially through the distribution of charm quarks and the ratio of the valence dis-
tributions of up and down quarks. At CERN energies the W and Z cross sections are
particularly sensitive4o a1, /d,. At‘Tevatron energies there is a sensitivity to the charm
distribution function which appears linearly in the W cross section, but quadratically -
in the Z cross section. There is also some sensitivity to the exact value of the masses
of the W and the Z. This is related to the uncertianty in the weak mixing angle.
The constraints placed on R, by measurements of the parton distributions are the
subject of some theoretical debate. I refer the reader to the literature[42,43 ,44] for a

complete discussion.

At Tevatron energies these uncertainties, which are individually of the order of a
fraction of a percent, lead to total variations in the ratio R, which are of the order of-
1%(42). An estimate of the total uncertainty as evaluated by the authors of ref. [42]
is indicated by the bands in Fig. 14. In view of the experimental errors it is clear that
these ambiguities are not yet crucial. In the next decade as measurements improve
these uncertainties will become more troubling. Note however that the argument can
be turned around. If we can exclude the decay W — tb and accept the standard model
values for the vector boson decays with three massless neutrinos, the R measurement.

can be used to determine the parton distributions and weak mixing angle.

4. Vector boson properties

4.1 Vector boson masses

The reported values for the vector boson masses are shown in Table 3. For a detailed

description of the mass measurements, I refer the reader to the contributed papers.
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Experiment Signal Mass [GeV]

CDF-W|[48] | = 500 W — pv 79.9 + 0.4(stat) L+ 0.6(sys)
CDF-W[36] | 1148 W — ev 80.0 £ 0.2(stat) 1 0.5(sys) = 0.3(scale)
CDF-W Combined 80.0 £ 0.6(stat + sys) £ 0.2(scale)

UA2-W[47] | 1204 W — ev | 80.79 £ 0.31(stat) £+ 0.21(sys) £ 0.81(scale)
CDF-Z[46] | 123 Z — ptu~ '90.7 £ 0.2(stat) & 0.4(sys)
CDF-Z[46] 65 Z — ete” 91.1 £ 0.4(stat) + 0.3(sys)
CDF-Z Combined 90.9 + 0.3(stat + sys) + 0.2(scale)
UA2-Z[47] 49 Z — ete” 90.2 + 0.6(stat) + 1.4(scale)
MarkII-Z{49] | 233 e*e~ — 7 < 91,17 + 0.18(stat + sys)

Table 3; Masses of the W and the Z

I shall comment further only on the efforts of the CDF collaboration to reduce the
overall scale uncertainty in their mass measurement. The momentum of the observed
decay products of the vector bosons can be derived from the curvature of the tracks, if
the magnetic field is known. The magnetic field of the CDF solenoid has been mapped
and is known with an uncertainty of +0.05%, leading to a momentum resolution of
5p/p* = 0.11% (GeV/c)~!. The tracking mass scale can be checked by looking. at...
the mass peaks of particles with known mass, but with generally softer tracks than
the W and Z samples. The extrapolation to stiffer tracks should reduce the mass
scale uncertainties. Thus, for example, the measured mass of the J/7p — p*tp~ is
3.097 + 0.001 in good agreement with the accepted values.

4.2 Precision tests of the Electro-weak theory

Ignoring the.mass of the Higgs and the mass of the fermions the standard SU(2)x U(1).
electroweak model contains three parameters. At the Lagrangian level these are.
the two gauge group couplings g and ¢’ and the vacuum expectation value of the.
Higgs field v. These can be related to three measured parameters of electroweak
interactions. Two physical parameters a and G are measured with great accuracy.
After a determination of sin® fy, the standard model is completely specified (apart
from the mass of the top quark and the Higgs). At tree graph level there are many

equivalent definitions of sin’#fy. Two of them are particularly appropriate for the
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Experiment | s? (Marciano-Sirlin)
UA2-W and Z 0.220 X+ 0.010
CDF-W and Z 0.225 = 0.012

Table 4: Values of s? from vector boson masses

discussion of hadronic collider results.

My

inffy =1-—
sin“ O M

(4.1)

The weak mixing angle can also be determined-frem the.effective four fermi coupling
for Z boson exchange.

£ o (Ji— 2sin? 8y JE V(T — 25in? 6w J7) (4.2)

Ja and J.n are the third component of the left-handed SU(2) current and the elec-
tromagnetic current respectively. At one loop level these measures of sin® fw are no
longer equivalent. I shall therefore distinguish them and refer to the definition of
Eq. (4.1) as s® and the definition of Eq. (4.2) as 3°. These differences, occurring
first in one loop, are nominally of order a and hence too small to be observed in--
hadronic reactions, except if they are otherwise enhanced by a large factor. These
large enhancements are of two types. The first type arise from large logarithms of
the form a(ln M} /m?%) where my is the mass of a light fermion. These logarithms are
responsible for the difference in the values of the fine structure constant measured in
the Thompson limit and at the mass of the Z[50].
1 1

40cx mz
Ll — 0. , 4.3
o) ~(1~6a), fo = 0.0601 £0.0009 + ——In (91 GeV) (4.3)

‘The second source.of large corrections is from the-non-decoupling of large masses,--
which is predominantly due to fermionic vacuum polarisation loops. This result is
somewhat in contrast with the intuitive expectation that fluctuations in the vacuum
involving heavy particles should have no effect on the theory at scales well below the
heavy fermion mass. In spontaneous gauge theories not all heavy loops decouple.
Fig. 15 (adapted from ref. {51]) shows the determination of the weak mixing angle

from the new measurements of vector boson massses. The solid lines show the deter-
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Figure 15: Weak mixing angle measurements as a function of top quark mass.

mination of s?, as defined in Eq. (4.1), from a measurement of Mz. The three lines
correspond to three values of the Z mass, (from top to bottom 90.7,91.0and91.3 GeV).
This determination is dependent on the top quark mass. This value of s? can be com-- -
pared-with other determinations of the weak mixing angle from low energy measure-
ments. For a recent review I refer the reader to ref. [52]. The results on the neutral to
charged current ratio R, in neutrino deep inelastic scattering are particularly impor-
tant since this determination of s? is approximately independent of the value of the
top quark mass. Comparison of the solid curve in Fig. 15 with the value derived from
H, leads to an upper and lower bound on the top quark mass. The exact value of
the bound depends primarily on the estimate of errors in the deep inelastic scattering
measurement. These are mainly due-to the application of the quark parton model ins
a kinematic region in which pre-asymptotic effects can have a considerable influence.
From ref. (52] this bound on the top quark mass is estimated to be m, = 130+50 GeV.

In view of the uncertainties of this analysis it is important to notice that measure-
ments from colliders alone also lead to a upper bound on the mass of the top quark.
In fact from Fig. 15 the combined value of s? from UA2 and CDF leads to an upper
bound on the top quark mass in the range 250 to 300 GeV.
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Figure 16: Forward-backward asymmetry on the Z

Other measurements of the weak mixing angle have been performed at hadronic
-colliders. The CDF collaboration has measured the forward backward asymmetry of
electron-positron pairs at the Z pole[53]. The distribution of the sample of 278 events-
is shown in Fig. 16. The angle between the.outgoing lepton and the incoming quark
(or outgoing antilepton and incoming antiquark) in the dilepton centre of mass frame
is denoted by #*. The asymmetry vanishes for a pure vector or pure axial vector
coupling to the Z. From Eq. (4.2) the forward backward asymmetry is proportional
to 1 — 43% and hence provides a sensitive measure of 32 for 3% ~ 0.23. Using the
effective factorised form Eq. (4.2), CDF derives a value of 32.

- 52.=.0.216 =+ 0.015(stat) & 0.010(sys) (4.4)

Note that this value is without radiative corrections. An appreciable part of the
systematic error is due to ignorance of the parton distributions, particularly the ratio
uy/ds. The above value of 3 should be compared with the value 3 = 0.24%95:0%
obtained previously by the UA1 collaboration[54].

For a large top mass 3% differs from s? because of the non-decoupling described
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above. Retaining only the leading m? terms we have[55],

Ja m? m 2
=2 2 ¢ 2 i
= — ~ Ol e——nr . 4.5
st 16ns? M3 +0(e) ~ &" + (200 GeV) ( )

5. Conclusions

There can be little doubt that the biggest change with respect to the pj conference
of last year is the emergence of CDF as a major force. The combination of the higher
energy of the Tevatron and an accumulated luminosity which is competitive with
exposure obtained by the two major experiments at CERN, has allowed the CDF
collzboration to:reach; and in some cases surpass, the capabilities of the lower energy

experiments.

One of the surprising results to emerge this year is the accuracy of the mass
measurement of the Z boson. Of course the mass of the Z boson will most accurately
be measured by e*e” machines when they begin to operate at full design luminosity.
The result from hadronic colliders gives an idea of the precision which can be acheived
in the measurement of the mass of the W. This latter measurement is the preserve
-of pp colliders until the startup of LEPII.

The more accurate value of the Z mass which has become available this year, in
combination with the low energy measurements of the Weinberg angle, leads to a
bound on the mass of the top quark in the region of 200 GeV. The preferred central
value is 130 GeV. It is therefore within the range of the next Tevatron run which will
have a luminosity of about 20 pb='. Collider measurements alone set a limit in the
range m, < 250 to 300 GeV.

The measurement of the cross-section ratio R for the production of W’ and Z ’s,
together with theoretical results on the production cross section and the W width-
lead to a limit on the.number of neutrino species n, < 4.4. Taking the Z width as.
known the ratio R can be used to measure the W width. This is currently possible

only at hadron colliders.

It is very impressive to observe the speed with which physics results are derived
from these complex experiments. Most of the results presented at this conference
were obtained in the runs which finished only in the spring of 1989, a few months
before the beginning of this conference. I look forward to seeing the final results.
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