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ABSTRACT 
QCD tests and studies of heavy quark production and decay will be the most 
important parts of the Yf programme at LEP2. This discussion assesses the promise 
of a range of possible topics of study, comparing with what might be achieved at 
LEP1 , TRISTAN or lower energy colliders. 

Introduction 

LEP2 must have approximately twice the energy of LEP1, but it must also collect 
significantly more integrated luminosity than LEP1 if it is to succeed in most of its 
physics programme - WW, W mass, Higgs, new particle searches. Ganuna-gamma 
physics will benefit especially from the higher luminosity. The higher energy is also 
useful, especially for heavy quark production, but gamma-gamma physics does not 
demand the highest possible LEP2 energy. This discussion is largely based on the 
state of gamma-gamma physics as reported at the Cornell Lepton Photon 
Symposiuml , and in a 1992 working group report2. A more definitive review should 
be produced by the LEP2 working groups which start work this summer. Many of the 
points made in our studies7J3J4.27.28 for the Aachen LEP200 workshop in 1986 are 
still valid. 

1. Open Charm and Beauty 

A recent QCD calculation3 has predicted the rates for heavy quark productio~ by 
gamma-gamma over the whole energy range from TRISTAN to LEP2. As well as the 
direct pointlike coupling to quarks, the calculation includes contributions from singly 
and doubly resolved photon-dissociation into gluons and quarks before the hard 
scatter (Figure 1). The predicted rates for charm-anticharm pairs are copious, and the 
rates for beauty pairs at LEP2 are significant (Table 1). 

Table 1. 	 Predicted3 numbers of pairs of heavy quarks, before 
experimental cuts and tagging efficiencies. 

Collider Integrated Number of Number of 
Luminosity charm-anticharm beauty-antibeauty 

TRISTAN 150pb-1 3xl04 75 

LEP1 100pb-1 3xl04 100 

LEP2 500pb- 1 35x104 1500 

* Invited talk at "Two Photon Physics from DA<1>NE to LEP200 and beyond". College de France, 
Paris. February 2-4 1994. 
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Figure 1. Contributions to yy ~ hadrons. 

There are two surprising features in the three results from TRISTAN on open charm 
production which were reported at Cornell 1,4,5,6. The first is the very small number 
of events seen. Despite integrated luminosities of about 150pb- l , TOPAZ4 had only 
20 events tagged by D*. VENUS had 23 D* events5 and between 70 and 80 
identified6 by seeing an electron in the hadronic shower. The second surprise was 
that, when they had been corrected for detection efficiency, all three samples were 
bigger than had been expected from the QCD calculation3. When such a small 
fraction of the expected number of events is recognised there is some scope for errors 
in modelling the production process - especially the degree of longitudinal boost and 
the detection of identified final states close to the edge of the angular acceptance. It 
would therefore be premature, from these data, to conclude that the QCD model is 
inadequate. The urgent next step is to repeat the analysis at LEP1, where each 
experiment now has about 100 pb- 1 on disc, with significant increases expected in 
1994 and 1995. At LEP2 the resolved processes are predicted to overtake the 
pointlike production, so a measurement of the increase of the charm rate will be a 
further check of the model. One would hope to see a worthwhile fraction of the 1500 
beauty events, but they may prove even harder to tag than charm - unless the 
lengthened micro vertex detectors come to the rescue ( something for the LEP2 
working groups to check). 

2. Charmonium 

Erne's Discovery Plot7 (Figure 2) predicts 900 reconstructed TJc events from 1 fb-l of 
integrated luminosity at LEP2. It is interesting to compare this with what L3 has just 
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Figure 2. Erne's Discovery Plot7 for narrow J = 0 resonances decaying into heavy­
quark pairs in the sum of exclusive 2.4 and 6 body decays. with 1 fb-l of running at 
LEP200. The event-rates shown on the curves include an estimate of the acceptance. 

W is the yy invariant mass. rR~YY is the yypartial width for resonance R, mass W. 

reported8. In going from Erne's LEP2 prediction to L3 we have to multiply his 900 
events by the following three factors:­

x 35/1000 for integrated luminosity, 

x 1/2.3, cross section ratio LEPI/LEP2 for open charm from Drees et ap. 

x 1.2, for the reduced LEPI loss due to the boost along the beam (also 


from Erne7). 

This gives 16 17(" events expected; and L3 sees 17 above background. The prediction 
could not be better - so we can be confident that each experiment at LEP2 will 
reconstruct 450 rr ~ 17(" if it gets 500 pb- l , giving accurate measurements of the 

partial width. Figure 2 also suggests that there will be worthwhile numbers of 11; , 
and one should also see some Xc events. These rr partial widths tell us about the 

quality of perturbation theory calculations using the non-relativistic quark model9. In 
the simplest picture they should be detennined by as (n1c )' a and the ·wavefunction 
squared (or its derivatives) at the origin. 

3. Bottomonium 

The Discovery Plot (Figure 2) predicts fewer than I reconstlUctedl1J, event in 1 fb-l 

at LEP2, and the L3 I1c result rneans we can believe its predictions. The big 

reduction in rate compared witl11J(" comes from three inescapable effects: a smaller 

IT partial width. reduced Y'f lUlninosity at the heavier Inass and a smaller fraction of 
reconstructable final states. There is therefore little prospect of measuring the IT 
partial width of bottomonium states at LEP2. It was suggested9 that an 1]" peak 
might be seen inclusively by measuring the missing mass recoiling against two tagged 



electrens in gamma-gamma, but it has been shewn lO that nene ef the LEP 
experiments has geed eneugh energy measurement in the ferward tagging detecters to. 
reselve a peak at 10 GeV/c2 to. better than 1.5 GeV/c2, which weuld be unlikely to. 
give a rece gnisable signal abeve the expected centinuum backgreund. The only hepe 
fer gamma-gamma preductien of bettemenium weuld be to. build a Lew Energy 
Compten Celliderll, in which backscattered laser beams frem two. linear electren 
celliders, each with abeut 20 GeV, ceuld be optimised fer high luminosity in the 
region ef Wyy=lO GeV/c2. 

4. Photon Structure Functions. 

LEP2 has two. important jebs to do. with F/, measuring it preperly fer the frrst time in 
two. regiens; at large Q2 and at low x. (It weuld alSo. be desirable to. measure the 
longitudinal structure function F; 12 but there are censiderable preblems due to 

statistics, as explained at Aachen 13, and also due to. low-momentum backgreund 
electrens frem LEP.) 

The rates fer singly tagged deep-inelastic electren-pheten scattering at large Q2 were 
calculated by Cerdier and Zerwas fer the 1986 LEP200 werkshepl4, and have 
recently been confmned 15. The Cordier-Zerwas estimate of the precisien en the 
measured F2 structure functien was eptimistic because they made no. allewance fer 
errers in unfelding the true XBj distributien frem the measured distributien. 
Experience with the OPAL data showsl6 that a reliable unfelded result can be 
ebtained with about 500 tagged events in a Q2 bin. There are just ever 500 events in 
the OPAL bin with 8<Q2<30 GeV2, givingl7.! the unfolded value ef 

~ 10.8F/ (x,Q2)dx = 0.447 ±0.045 at < Q2 >= 14.7GeV2. At LEP2, with 500 pb- I , 
a 0.3 

Cerdier and Zerwas expect 500 events in a bin with < Q2 >:::::: 450GeV2 , where the 

1 lO.8expected legQ2 grewth will give a value fer - F/ (x,Q 2 
)dx ef 0.66 ± 0.07 - if the a 0.3 

fractional errer is the same as given by OPAL. (This is pessimistic. The hadrens frem 
events at high Q2 are better centained so. unfelding will be easier than in the current 
OPAL sample.) The errors en the low Q2 bins will shrink substantially at LEP2, so. 
the legarithmic rise predicted by QCDl8.!9 will be established to. better than three 
standard deviatiens; one of the classic tests ef the theery. It may even be pessible to. 
make a measurement of as . 

HERA's results20.21 0n F;proron have shewn a distinct rise with falling x, fer x<O.Ol 

with 10 < Q2 < 40. Most QCD medels er parametrisations ef F/ predict a similar 
rise - in some cases22 beginning very early, at x = 0.1. The LEP1 OPAL results 16 
shew no sign of such early-rising There is no prespect ef pushing the measurement 
into. the region below Xmin =0.01 until the LEP2 data are available. This follews 

frem simple kinematics (x = ') Q2 J' and the softness of the Weiszacker-Williams 
Q-+W;;, 

'J 

luminosity spectrum which only gives events with Wyt < Ebeam. At LEP2 the value 
ef Ebeam will be deubled, so. Xmin will be reduced to. 1/4 of its LEP1 value - eneugh 
to establish whether the photon has the kind of rise which HERA observes fer the 
preten; which may be due to BFKL23 gluon cendensatien effects at very small x. 



5. Low Mass Resonances 

There is a great deal to be done before the meson spectrum can be properly 
understood. Gamma-gamma studies will play an important part, but mostly at lower 
energy machines with higher integrated luminosities than LEP will ever achieve. The 

DA<I>NE programme is discussed elsewhere in these proceedings. The region of 
masses between 1 and 2.5 GeV/c2 will be most accessible at CLEOII or a beauty 
factoryl. Important constraints on the total cross-section should come from the 
beautiful zero-angle double tagging spectrometer24 of the KEDR experiment on the 
VEP4M collider at Novosibirsk, where recent tests have confinned a mass resolution 
of 10 to 20 MeV/c2. A Low Energy Compton Colliderll could be optimised to have 

an effective luminosity in the n resonance region which would be competitive with a 
beauty factory, with the added advantages of much smaller longitudinal boosts for the 
final state particles and the possibility of controlling and varying the helicities of the 
incoming photons. Erne7 shows how at LEP these low mass states are highly boosted 
along the beam direction, making them hard to reconstruct and offsetting the increase 
of cross section with energy. There may however be some channels, especially all­
neutral final states, where L3 arid perhaps OPAL will have an advantage over other 
detectors because of their good hermetic electromagnetic calorimetry. 

6. Higher Twist Exclusive Pairs 

CLEO II's high integrated luminosity (1.3 fb-l by summer 1993) is already paying 

dividends 1 in the study of IT ~ PP25 and IT ~ nn 26. In the mass region between 
2 and 3.5 GeV /c2 they see the behaviour predicted by models with a perturbative hard 
scattering followed by coalescence of the partons into a pair of hadrons according to 
partonic wave-functions. Erne7 showed that 1 fb-l at PEP would have given about the 
same number of us.eful events as 1 fb-l at LEP2 in the mass region below 10 GeV/c2. 
The lower energy of CESR means that CLEO II has not yet quite reached the.. . 
predicted PEP or LEP2 numbers27 for 1 fb- 1, but the expected integrated luminosities 
at CESR and the beauty factories over the next decade will surely swamp any 
contribution that 500 pb- 1 at LEP2 would make to these studies. (The two-body 
higher twist channels are another field in which a Low Energy Compton Colliderll 
would be competitive with the beauty factories.) 

7. Minijets and Inclusive distributions. 

QCD makes predictions for the differential cross-sections as a function of jet and 
single hadron28 transverse momenta, with significant contributions from the four 
diagrams shown in Figure 1. Recent results from TRISTAN and LEPI - as reviewed 
at Cornell l - agree quite well with the prediction that the resolved components of the 
photon must be included in addition to vector-dominance and the pointlike coupling. 
There has been some controversy29 about how rapidly the cross-sections will rise 
with energy, and whether they will grow sufficiently to give a serious background of 
hadronic events at a high-energy Next Linear Collider. HERA results on 
photoproduction30 have already suggested that the rise will be less rapid than was 

first predicted, but it is important for LEP2 to check this. Studies of n to jets have 
been essentially exploratory so far, but the extra energy and luminosity at LEP2 
should make it possible to set up hard quantitative tests of QCD nlodels. 



8. Jet Structure in Tagged Events. 

At low Q2 it is expected that gamma gamma to hadrons will have a strong peripheral 
component due to vector meson dominance, as well as the singly and doubly resolved 
pans represented in Figure 1. As Q2 increases the pointlike coupling should take 
over, giving much larger transverse momenta to the jets and changing the multiplicity 
distribution. DELPHI31 reported a fIrst study of the transverse momenta in fInal 

states tagged at very small angles, < Q2 >= O. 06GeV2 , finding that the same kind of 
model works for these events as for the untagged sample. LEP2 will allow us to 
investigate a wide range of Q2 with good statistical accuracy - though the detectors 
always loose events in the forward region so the Monte Carlo simulation will play an 
important pan in the results. 

9. Conclusions 

Gamma-gamma physics at LEP2 will be a much more significant pan of the 
progranune than it has been at LEP1. Two important questions in QeD will be 
answered: does the structure function F/ grow linearly with logQ2 ; and does it 

grow like F;proron at small XBj? A new measurement of as may be possible. There are 
clear predictions to be tested of the rates for inclusive production of charm and beauty 

panicles. The yy panial width of 17c will be well measured and there should be useful 

numbers of Xc events, but yy to bottomonium will not be accessible. The study of 
inclusive particle production and jet distributions will progress from its current phase 
- confinning the need for resolved hadronic components of the photon - to proper 
quantitative tests of QCD models. But for light quark resonances, and other strong 
interaction dynamics at yy invariant masses less than about 4 Ge Vic, LEP2 will only 

compete in a very ~imited way with DA<l>NE, CESR and the beauty factories (or a 
Low Energy Compton Collider11). 
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