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1. Introduction 

In this talk, which was given at the beginning of the LEP Summer Study 
at Les Houches, some of the more basic processes in e +e - annihilation were dis
cussed and the rates estimated. The hope was that this might serve as an intro
duction and be the starting point for the work in the various working groups. 
The following topics were treated: 

1. Estimate of e+e"~ -»- hadrons 
2. Strong Interaction Issues 
3. Weak Interaction Issues 
4. The Higgs Particle(s) 

An excellent review of all the topics discussed here can be found in the report 
written by J. Ellis and M.K. Gaillard published in CERN Yellow Report 76-18. A 
complete set of references can be found in this report. 

1.1 Estimate of e +e ->• hadrons 

The total number of events observed with an ideal 4TT detector in one 
day is giver by N = o • L • e. Here a is the total e +e - annihilation cross-
section and L the predicted peak luminosity integrated over one day. e is an 
efficiency factor which includes the solid angle coverage and the trigger effi
ciency of the detector, the difference between peak luminosity assumed and ave
rage luminosity obtained and it also includes the data collection efficiency. 
Based on the experience with SPEAR and DORIS we expect this factor to be of the 
order of 1/4. This reduction factor should be kept in mind since all the rates 
listed are evaluated assuming e = 1. 

The luminosity is taken from the Blue Book and it is plotted in Fig. 1. 
Shown is the luminosity curve corresponding to a standard RF cavity (solid line) 
and the one which would result from the use of superconducting cavities (dashed 
lines). In the neighbourhood of 40 GeV, where LEP should "take over" from PETRA, 
one unit of R corresponds to some 40 events/day. At the upper limit of the range 
allowed by the use of superconducting cavities (100 GeV of beam energy) one unit 
of R yields about 8 events/day. 

It is generally assumed, and this is supported by all the experimental 
information available, that the time-like current - electromagnetic or weak -
couples directly to pointlike fermions as depicted in Fig. 2. 

Figure 2 : e +e •* ff 
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Figure 1: The luminosity as a function of bean energy in the present 
Design Study 
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The corresponding contribution to R, R^ is written as, 

2 • s • e c • v v_ • g s 2 • g 2 (v 2 + a 2) (v„ + af) 
R. = e 2 E É + i- (1) 

f f (s/m2 - 1) + r|/s - m 2 (s/m2 - l ) 2 + r 2/m 2 

G_ 
with s = ( 2 E ) 2 and g = — = 4.4 x 1 0 " 5 GeV"2. 

8 • /2 • ir • a 

The couplings of the neutral weak current are given by 

a f = 2(1* - I3) v f = 2U3 + I3) - 4 e f sin 2 e (2) 

We estimate all rates using the standard Salam-Weinberg model, which 
has only left-handed doublets of leptons and quarks. Indeed, at present, all 
the experimental data agree with the predictions from the standard model with 
sin26 a 0.25. With this particular value for sin 26 we find 

v - 0. a = -1 (vv = 1 a v = 1) 
•u - v c - v t - 1/3 , v d = v s = v b - -2/3 (3) 

u - ac - at 
v, 
a.. = a_ = = 1 , a^ = a, = a^ = -1. 

The mass of the Z° and the W- are then respectively: 

M_ = . l7A r = 86.4 GeV 
¿ sm9 • cos8 

^ f l n f 74 .8 GeV 
(4) 

The Z° will show up as a resonance in e +e~ annihilation with an intrin
sic width given by: 

„ 3 G., • m J 

r = — — E (a2 + V 2) (5) 
24 /2 - TT F F F 

As explicitely written in (4), all "up" quarks and all "down" quarks 
in each of the left-handed doublets contribute in the same way. One might then 
rewrite the sum in (5) as a sum over the number of fermions Nf, appearing in 4 
different kinds, namely 

Z (al + v?) = (1 + (1 - 4sin26)) • NT + 2 N 
f 

+ 3(1 + (1 - 8/3 sin6)2) • N 2^ 3 

+ 3(1 + (1 - 4/3 sin 28) 2) N _ 1 / 3
 ( 6 ) 

: V 2 V 3 - 3 3 N2/3 = 4 ' 3 3 N-l/3 
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With the presently "known" number of flavours (including the yet to be 
found top quark) this gives 

r 2 0 z 2.1 GeV. (7) 

This width is much smaller than the natural energy spread in LEP 70 
(dE/E = 1.23 x 10~ 3 with Wiggler magnets) and hence can be determined directly 
from a measurement of the total annihilation cross-section. 

Note that a precise measurement of the width limits the number of 
fundamental fermions with m < 1112/2. 

The size and the energy dependence of R, derived using the equations 
above, are shown in Fig. 3. (Note tho logarithmic scale.) The value of R based 
on one photon exchange alone, is shown as a dotted line. The rates, obtained 
using the luminosity given in Fig. 1, are also shown. 

The most prominent feature in the cross-section is the Z° peak and it 
will take a very large number of fermions to wash it out. Note that whereas the 
rates in the vicinity of the Z° peak are very large they are not overwhelming 
outside of the peakj i.e., one really needs all the anticipated luminosity and 
e must be kept as large as possible. 

1.2 Strong Interaction Issues 

Here we want to discuss three topics: 

a) new flavours, 
b) free quarks and gluons, 
c) QCD. 

New flavours are produced in e +e~ annihilation with a "known" cross-
section and they have well-defined signatures: 

1. The occurrence of narrow states (onia) both with and without the 
quantum numbers of a photon; 

2 . A step in the total cross—section at the threshold for production of 
hadrons with open flavour. 

We will first estimate the signal and the signal to background ratio 
for new 1 -states. The cross-section for producing a vector meson of mass M 
integrated over the resonance is given by: 

- 6T 2 e h 
M 2 r 

where T e, the width of the 1 to decay into lepton pairs, are given by 
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Figure 3 : The parameter R as a function of centre-of-mass energy. Expected 
counting rates at different energies (number of events per day) are 
also indicated 
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Tb--J I* ( 0 ) 

M 
Present data are consistent with |iK0)|2 - M 2- Plugging this into (8) yields 

o dE - — 
M 2 

(9) 

The actual numerical value is obtained by normalizing to the J/tfi and 
this leads to the following estimate: 

3 e. 
a dE = 10*» ¿ ) 2 (—=-£) 2 nb • MeV M 2 

AR, the increment in cross-section, is given by 

faäE AR (<5E)T 

where 6E_ is the energy spread in the beams. o 1 V V"'B 

With Wiggler magnets 6E/E = 1.23 x 10 - 3 and without Wiggler magnets 

6E/E = 1.23 x 10" 3 (E/70 GeV). 

The results are listed in Table 1. 
Table 1 

Production of New Flavours with e. 2/3 

2-mf AR(1~ )/R AR(1~)/R Rate AR(ff)/R 

60 4.5 0.6 170 0.22 
100 2.8 0.06 105 0.10 
140 2 0.17 7.5 0.18 
180 1.2 0.13 1.7 0.19 

It might be possible to find new onia in this way, but the task is 
certainly not going to be easy. 

The step in R, due to a new flavour, is coming from two terms, one 
associated with the point-like cross-section and the other one with Z°-exchange. 
This gives 

AR = 4/3 + 0.104 • R„ 
AR 1/3 + 0.13 R„ 

(e f = 2/3) 
(e f = -1/3) 

The relative changes in R due to the production of new flavours are also listed 
in Table 1, last column. 

This also looks rather marginal, however, if our present ideas are 
correct, then selecting events with large sphericity should lead to a much im
proved signal to background ratio without reducing the rate substantially. 
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The Z° is a very prolific source of new flavours with m^ s ^.Z^-- The 
decay Z° ff with e f = 2/3 (1/3) proceed with a rate of about 20000/day 
(27000/day). However in order to find the new flavour states among the debris 
of the other decays, one must be able to identify both charged and neutral par
ticles and measure their momentum. 

The search for quarks should be an important task at any new accelera
tor. e +e~ collisions are particularly well suited since the current couples 
directly to the quarks in a well-defined manner yielding an initial state where 
the qq pair has all the energy of the e +e~ pair. The signature for a free quark 
is less well defined. If we assume that a free quark behaves like a bound one 
(all other colour charges are shielded) then we have to search for particles 
with charge 2/3 and 1/3. Most detectors proposed for PETRA and PEP should be 
able to identify at least the 2/3 variety by measuring dE/dx and it is fairly 
straight-forward to design a detector to measure particles with 1/3 charge. 
However, it has recently been suggested that a free quark might behave very 
differently from a bound quark. Such quarks which might have an extremely short 
range or even be non-ionizing and could easily escape detection in a genera, 
purpose detector. 

Deep inelastic experiments with electrons or neutrinos have revealed 
the existence of yet another particle. These particles, christened gluons, only 
participate in the strong interaction. The gluons can therefore not be produced 
directly in e +e~ annihilation but they might be radiated off a struck quark. 
Onia states with C = +1 are expected to decay into two such gluons. It is con
ceivable that quarks are confined but gluons not. The signature for a gluon is 
even less clear than the signature for a quark. 

Next I will discuss various tests of QCD. To first order, e +e~ annihi
lation leads to two well-defined, back-to-back jets of hadrons in the final 
state. This simple picture is modified (to first order in a s) in any sort of 
field theory of the strong interaction as shown in Fig. 4. 

Figure 4 : Quark-antiquark production in electron-positron annihilation 
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The hadrons in the jet will thus acquire larger transverse momenta with respect 
to the jet axis than naively expected, in some rare case one might even observe 
three jet events. However, note that such a feature is not unique to QCD but 
will arise in any field theory of the strong interactions. 

To test QCD we have to answer the following questions: 
PC 

1. Are the gluons vector particles, i.e. J = 1 ? 
2. Are the gluons flavour neutral ? 
3. Are they non-abelian, i.e. does the gluon-gluon coupling exist ? 

It might be that the cleanest information on these points will come 
from a study of onia decay, provided sufficiently heavy onia exist. Also, if 
the characteristic mass scale of the strong interaction is around 0.5 GeV, as 
indicated by present experiments, then PETRA and PEP might well be suited for 
the task. If one tentatively assigns 30 GeV to the toponium (with = 2/3) one 
expects - using the predicted peak luminosity for PETRA - 30,000 events per day 
for the production of the lowest state and 10,000 events per day for the first 
excited vector state. 

The predicted branching ratio for T(l ) -*• 3 gluons -»• hadrons is about 
0.4 - and a small fraction of these events will presumably lead to three well 
separated jets. The background due to 

T(l ) LL •*• hadrons and T(l ) •*• ly -»• hadrons 

can be subtracted by considering events at adjacent energies. 

Even cleaner gluon jets can be obtained by studying the decay of the 
C-even P states (P c / x for charmonium) T(l ) •+ y + P(0 + +, 2 + +) -»- y + gg y + 

hadrons. The flavour neutrality of the gluons can be established by searching 
for long range quantum number correlations in the back to back gluon jets. The 
angular momentum of the gluon can also be uniquely determined from these decays. 
It is a more difficult task to establish the non-abelian nature of the gluons. 
However, given sufficient statistic the decay 2 + +(0 + +) -»• 3g where a gluon is 
radiated by one of the original gluons can be used. Also, the rate for the decay 
T(l ) -*• y gg might be sufficiently modified due to gluon-gluon interactions to 
serve as a test. 

Although QCD will presumably have been thoroughly tested at PEP and 
PETRA before LEP starts operation, it clearly remains an important task for LEP 
to extend the tests into a new energy region. 
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1.3 Weak Interaction Issues 

Here we want to discuss three topics: 

a) Determination of the neutral weak coupling constants for quarks 
b) New leptons, 
b) W* production 

One can determine, using unpolarized beams, v • v^ from a measurement 
of the event rate and a • a£ from a measurement of the angular asymmetry. Both 
v and a can be independently determined from the purely leptonic reactions 
e +e~ -»• e +e - and e+e~~ •+ u+v~ (Yellow Report)and such a measurement of hadronic pro
duction can therefore be used to find the values for V £ and a^. Since the weak 
couplings to the valence quarks u and d can be determined from v induced neutral 
current events we only have to worry about the heavier quarks. Let us consider 
e +e - •*• ss. The angular distributions expected in the standard model is plotted 
in Fig. 5 for /s = 60 GeV and /s = 120 GeV. The predicted forward backward 
asymmetry is rather pronounced but the rates are marginal away from the Z° peak. 
We expect 25 (/s = 60 GeV) and 70 (/s = 120 GeV) ss events/day. However, in 
order to carry out such a measurement we have to determine the production angle 
of the quark and the quark flavour. Present wisdom says that the production 
angle is given by the direction of the hadron jet and hence "easy" to determine 
experimentally. It is more difficult to uniquely identify the flavour - in the 
case of ss production one might hope to find back to back jets - one with posi
tive the other with negative strangeness. Therefore, in order to carry out such 
experiments one must be able to identify particles which travel close together 
within the jet, such a task might be possible by a combination of dE/dx measure
ments and Cerenkov analysis. This procedure can easily be generalized to heavier 
quarks. 

For example e +e -> cc might be identified by observing leading D + res
pectively D~ in the two back to back jets. Indeed, this identification might 
improve with increasing quark mass since it is presumably fairly improbable to 
create heavy quarks by the colour potential created by the original quark. Ex
periments at PETRA and PEP will be able to test these ideas and hopefully to 
extract values for the neutral weak couplings to the s, c, b and maybe the t-quark. 

We next consider the production of charged leptons. The rates are cal
culated in terms of y and Z° exchange according to equation (1). The expected 
rate rises from 40 events/day for a lepton of mass 30 GeV to 7300/day at the Z° 
peak. It then falls to 50 events/day for a mass of 70 GeV and 9 events/day only 
for a mass of 100 GeV. The corresponding steps in R are only a few per cent 
at the Z° mass, and of the order of 10% at high energy. The classic signature 
for charged leptons is to search for final states e*;^ (4v) resulting from purely 
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gure 5 : Angular distribution for a pair of strange jets 
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leptonic decays. However the leptonic branching ratio is to first approxima
tion given by 

1 
B L , 

2 • N L + 3 • N £ 

where is the number of leptons and the number of flavour doublets; i.e. 
we expect B L - 0.085. Therefore, only about 1.5% of all produced lepton pairs 
will yield an e^u* (4v) final state or 0.62 events/day for m^ = 30 GeV, 106 
events/day at the Z° peak, 0.7 events/day for m^ = 70 GeV and 0.1 event/day at 
m^ = 100 GeV. These rates are very low and it may seem preferable to try to 
identify one of the leptons through its hadronic decay. The signature would be 
rather spectacular - well above threshold we expect fast single leptons on one 
side and a jet of hadrons with comparably low multiplicity on the other side. 
The expected rate for this final state is nearly an order of magnitude higher 
than the rate for the purely leptonic final state. 

The charged leptons discussed above are of a very orthodox type. Al
though the motivation for a neutral heavy lepton to partner the electron in a 
right-handed doublet has evaporated, a search for such unusual leptons, produced 
in association with a neutrino (W-exchange) or in pairs (W and Z-exchange) should 
be carried out at high energies. The production in association with a neutrino 
leads to a spectacular final state: a large transverse momentum imbalance caused 
by the neutrino and a single jet consisting of leptons and/or mixed lepton-
hadrons. Unlike the production of charged leptons, the cross-section for neutral 
leptons is model dependent. A typical cross-section production for a neutral 
lepton of mass 3 GeV is indicated in Fig. 6 and compared to the rate for 
e +e~ -> u +u~. 

We next turn to W* production. Single W- production is possible, the 
leading graphs are shown in Fig. 7. 

The cross-section however is rather small and increases only logarith
mically with energy. At /s = 140 GeV the cross-section (M^ = 74.8 GeV) is about 
2 x 10~ 3 7 cm - 2 sec - 1 or about 1.8 events a day assuming the peak luminosity. 
The signature will be rather clüan; a large momentum imbalance and either a 
single lepton or a jet of hadrons at large angles resulting from the W~ decay. 
The positron will in general be at small angles with respect to the beam axis. 
However, keep in mind that this was estimated assuming e = 1. Realistic esti
mates including all the cuts will reduce this rate to below 1 event/day. 

It is much more attractive to pair-produce the W via the diagrams 
depicted in Fig. 8. 
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Figure 6 : Production cross-section for a neutral heavy lepton 



Figure 8 : W production to lowest order in Gauge theories 
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In Fig. 8, the first diagram is a standard charged current interaction; 
the second is the pair production diagram via a virtual timelike photon, and 
the last diagram which proceeds via a timelike Z° is very interesting since the 
Z°W +W - coupling is a unique feature of Gauge theory and is completely determined 
in the standard model. In this model there are characteristic large cancellation 
effects among the various diagrams. 

The resulting cross-section is plotted in Fig. 9. The cross-section 
rises sharply above threshold. Such a Born term contribution would rise inde
finitely if the cancellation among the different terms were not working. If 
they work, as expected, the production cross-section should have a characteristic 
rise and fall behaviour, as shown in Fig. 9. This should be enough to ascertain 
W pair production with a peak value of the order of 1.5 x 1 0 - 3 5 cm 2, which corres
ponds now to 90 W pairs per day or 1.2 event per day with a clear e+y~(2v) final 
state signature. Fig. 9 is drawn for My = 74.8 GeV. A machine with /s ~ 200 GeV 
would have a peak energy capable of matching the maximum of the production cross-
section. 

Detection could use the leptonic mode but also the more frequent jet 
modes. W pair production should also change dramatically with beam polarization, 
since the first graph corresponds to a particular polarization state only. This 
has been studied in detail by K. Gaemers (see LEP Summer Study/1-6). 

1.4 The Higgs Particle(s) 

So far it has been impossible to construct a spontaneously broken 
gauge theory without introducing Higgs particles. The standard Weinberg-Salam 
model has one scalar Higgs particle, other gauge models have more, both charged 
and neutral. Since these particles are a special feature of the gauge models 
it is obviously very crucial to search for them, and high energy e +e~ collisions 
seem to offer the best possibilities. Unfortunately there are no stringent 
limits on the mass, although most theoreticians feel that the scalar Higgs in 
the standard model is above 7.0 GeV. However, note that the experimental bound 
only excludes Higgs particles with a mass less than 15 to 20 MeV and studies of 
K decays give a bound on Higgs particles in the mass range between 140 MeV and 
2 m^. These limits will be greatly extended by experiments at PETRA and PEP. 
The search for the Higgs mesons makes use of the fact that the Higgs likes to 
couple to heavy particles, with couplings to fermions proportional to m^ and 
to vector mesons proportional to my. Higgs bosons are therefore expected to be 
produced in conjunction with heavy particles and to decay preferentially into 
the heaviest particles which are kinematically allowed. 
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Figure 9 : W pair production cross-section 
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At PETRA and PEP energies the best way to produce a Higgs boson seems 
to be via heavy 1 onium states, QQ(1 ) •*• H + y . The branching ratio between 
this decay mode and the lepton pair ¿«icay mode is approximately given by: 

B(l" 
B ( l — ... u V ) 

T ) _ S_ mi 
(1 

"H 
2 TT 

) * « 3.5 x 10_l* x m 2 (1 - — ) ^ 

To translate this into a rate, one might assume a toponium with m^ - 30 GeV and 
e £ = 2/3 which is produced with a global rate of about 30,0G0/day at PETRA 
(assuming the design peak luminosity). With B(l y+u~) ; 5 x 10~ 2, one expects 
that Higgs bosons with a mass of 10, 20 and 25 GeV will appear 110, 90 and 60 
times per day respectively. The signature will be a monochromatic photon of 
respectively 13.3, 8.3 and 4.6 GeV recoiling against a pair of heavy particles. 
This might look very encouraging, but one should not forget the important back
ground resulting from 1 -*• y • g • g which, for the parameters above, occurs 
with a rate of 2,500 events per day. A prerequisite for such a search is there
fore a detector with a good photon resolution in order to extract the monochro
matic signal and with the ability to reconstruct the final state to ascertain 
that heavy states indeed were involved in the decay. 

At LEP one may envisage higher 1 onium states. The rate for produ
cing high mass 1 states and the branching ratio into Higgs, normalized to the 
branching ratio into u +u~, are given below in Table 2. 

Table 2 

My (GeV) Onium Rate 
events/day 

1 " Hy 
1 y +u -

40 260 0.14 
60 170 0.32 
80 140 0.56 
120 90 1.26 

Assuming a leptonic branching ratio which varies between 3% at 40 GeV 
JL 

and 0.5% at 120 GeV and neglecting the phase space factor (1 - m^/my)"* one 
expects about one Higgs event every day. Such a low rate might be acceptable 
since the signature is rather clean. 

However, a more attractive way to search for Higgs bosons at LEP is 
exploiting its relatively strong coupling to the gauge boson. A particularly 
favourable final state is e +e~ Z* ->- Z°H. One would identify the Z° through its 
lepton pair decay mode. From the Z° one can compute the effective mass of the 
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system recoiling against the Z° and thus the H should he visible as a peak in 
this recoil spectrum. That this peak is indeed associated with the Higgs can be 
verified by measuring its decay products which should contain heavy fragments. 
The maximum cross-section occurs at an energy /s = m^ + 2 • /2 • m^ and is given 
by: 

a(Z°H) -= o(pointlike) • 3/64 v j ) 4 • y-^ (1 + v 2/a 2) 

with in GeV. The expected rates are given below in Table 3. 

Table 3 

(GeV) 
•s 
(GeV) 

o (ZH) 
o(point) 

HZ 0 

events/day 
u+p-H 

events/day 

10 100 3.8 163 4.9 
30 130 1.3 56 1.7 
50 160 0.77 23 0.65 
60 172 0.64 13 0.34 

Thus, in order to search for Higgs bosons up to the mass predicted for 
the W ± and the Z, we will need cms energies in the order of 200 GeV or above and 
a luminosity of the order of 1 0 3 2 cm - 2 sec - 1. 

Conclusions 

LEP is a unique tool for the investigation of the strong, the electro
magnetic and the weak interaction in a very clean environment. The upper energy 
should allow us to pair produce W^W- with some margin and to search for Higgs 
mesons up to masses comparable to the anticipated mass of the Z°. This can be 
achieved with 2 x 100 GeV and a luminosity of 10 3 2 cm - 2 sec - 1. In order to 
exploit the unique feature of LEP we need much more sophisticated detectors than 
the ones available today, in particular we must be able to identify and measure 
momentum of particles inside a jet of particles. 

It is a pleasure to thank Maurice Jacob and Christine Redman for 
organizing an enjoyable meeting and for providing the ambiance which made it 
into such a great success. I'm less grateful to Maurice Jacob for forcing me to 
write my talk. 


