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ABSTRACT 
The OPAL collaboration at LEP has concentrated on two-photon channels with at least one 
tagged lepton. The results on dimuon production and tau pair production agree with the 
predictions of QED. The hadronic structure function F2 of the photon has been measured 
for the first time at LEP. The results at low x break new ground. Prospects are good for 
further measurements at LEP I, and there are important QeD tests to be made at LEP2. 

1. Introduction 
Only tagged two-photon events have been studied in OPAL, with a scattered electron 
or(and) a positron measured in the Forward Detector (47 to 120 milliradians) or in the 
Electromagnetic Endcap or Barrel (>200 milliradians). The whole of the OPAL 
experiment I is used to detect, measure and identify the tracks and electromagnetic 
clusters from the decay of the two-photon system. The talk reviewed the published 
OPAL results on the production of muon and tau pairs2 and of hadronic final states3,4, 

based on over 40 pb- I of integrated luminosity from the 1990, 1991 and 1992 LEP 
runs. Some subtleties of the unfolding procedure were explained. Fuller details of 
selection cuts and analysis techniques can be found in the published papers. The 
prospects for further measurements at LEP1 and LEP2 were considered. There will 
be continuing improvements in our knowledge of the hadronic structure function F2 
of the photon, but it is hard to see how the longitudinal structure function can be 
measured. 

2. Kinematics 

Figure 1. Two-photon production of a fermion-antifermion system of mass W. In 
singly tagged events the energy E' and the scattering angle 6' of the scattered lepton 
define the momentum transfer q. In doubly tagged events both scattered leptons are 
seen. 

Singly tagged events (see Figure 1) can be regarded as deep inelastic lepton-photon 
scattering with 

(1) 

(2) 

* Reporting work done on lepton production by A.Buijs and C.Sbarra and on hadron production by 
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p2 = _p2 (3) 

Y = 1- (E' / E)cos'2(8' /2) (4), 
where E is the LEP beam energy. If events with a second tagged lepton are rejected 
(anti-tagged) then p2-0 and the cross section can be expressed in tenns of two 

structure functions which can be chosen to be F/ and F/: 
d'2(5 4na'2£' '2 r 2 '2 r 2 

---= 4 [{l + (1- y) }F, (x,Q ) - y ~ (x,Q )] (5).
d£'dcos8' Q y ­

Experimentally, the tagged energy £' is usually a large fraction of £ so y is small and 

the cross section is dominated by F/ (see section 9 below for a discussion of the 

difficulty of measuring ~r). 

3. Two-photon to two-muons; measurement of F/ (QED). 

Singly-tagged events were selected2 with one good electron cluster with E' > 0.5 E 
(and an associated track if 8 ' > 200 mr) and with two other charged tracks, at least one 
of which was identified as a muon. After selection cuts 1462 events remain. The 
only significant background comes from the process e+e- -t e+e- r+ ,- (24 events, 
using the Vennaseren Monte Carl05 and full simulation of the OPAL detector with 
the GOPAL code6). The observed number of events is in excellent agreement with 

the prediction of 1418± 142 events from the BDK Monte Carl07. Above a' > 200 mr 
we see 48 events, compared with the BDK prediction of 46. The QED structure 

function F/ (x,Q'2) was calculated by a weighting method, using the BDK Monte 
Carlo sample to correct for acceptance and flux factors. The experimental points in 
Figure 2 agree very well with the expected QED shape. There are 48 doubly-tagged 
events with an estimated background of 1.7. We expect 36.9±5.0 such events from 
the FERMISV Monte Carl08. 
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Figure 2. Measured values of the F2 structure function of the photon from 
experiments on gamma-gamma to dimuons32,33. The solid lines are expectations 
from QED. 



4. First observation of two-photon to tau pairs2. 
Most tau-decay channels are swamped by other two-photon processes, except for the 

case where one tau decays to e + neutrals and the other to Jl + neutrals. The dE/dx 
energy-loss resolution of the OPAL jet charnber was used to identify muons in tagged 
events where the other one of the two non-tag tracks had already been identified as an 
electron. We see 40 events with an estimated background of 5.1 ±2.7 events (mostly 

IT ~ e+e- or Jl+Jl-), to be compared with 32.7±4.8 events predicted by the 

Vermaseren QED Monte Carlo. 


5. Unfolding the hadronic structure function F/ (X,Q2). 

The tagged quantities E' and 8' are well measured, so the value of Q2 is accurate, from 
(1). But all experiments loose a significant fraction of the final state hadrons from 
two-photon events because they are boosted forwards out of the acceptance of the 
central tracking chambers. Instead of measuring the true invariant mass Wtrue of the 
hadronic system we measure a visible mass 

Wvis =~(L EViJ2 
- (LPviJ2 

(6), 
The Wvis distribution differs from the Wtrue distribution because tracks may be 
mismeasured or lost, neutral clusters may be wrongly matched, and some good events 
will drop below the minimum selection cut on Wvis and not be plotted. This means 
the the xvis value, obtained by putting the measured Q2 and Wvis values into (2), is 
different from Xtrue - usually larger. The x distribution is corrected by using Blobel's 
unfolding program9. The program is taught about the distortions and losses due to 
experimental shortcomings by presenting it with two versions of the same set of 
Monte Carlo events, firstly at generator level with true variables, secondly after 
passing through the full detector simulation with losses and mismeasurement. Then 
the program is presented with the experimental sample of measured events which it 
transforms back into the true variable space, with bins chosen to minimise correlated 
errors and with regularisation to damp down fluctuations. 

The unfolding procedure is crucial to the result so all inputs to it must be well 
understood. We are confident that the detector performance is properly simulated 
because we compare all possible distributions between the real data and a Monte 

Carlo sample generated with an F/ (x, Q2) that agrees with the unfolded result. The 
same simulation program has been used for all other OPAL analyses and tuned to 
reproduce every aspect of the detector response. The Monte Carlo program 
TWOGEN 10 has been developed to generate events according to any selected formula 

for F/(X,Q2). It has been tested by using a quark-parton-model structure function 
(QPM is equivalent to QED) and comparing with the results of the Vermaseren 
programS (The curves for dimuons in Figure 2 were calculated with a QED structure 
function in TWOGEN.) Limitations on the anti-tagging of the unseen lepton actually 
allow the value of p2 to range up to about 3 GeV2, though most events are close to p2 
= O. We have used TWOGEN with a QPM formula for F/ (X,Q2 ,p2) to obtain a 
correction for the finite range of p2. After producing a quark-antiquark pair in the 
two-photon centre of mass we allow it to hadronise via the Lund string model11 . To 
make sure that this model is safe we require Wvis > 2.5 GeV. 

There is a serious question which besets all experiments to measure the hadronic 
structure function; what angular distribution to use for the outgoing jets in the photon­
photon centre of mass, see Figure 3. If we assume that the process is the simple 
pointlike production of a pair of quarks, as shown in figure 1, there is no problem. 
But it is well known that the photon at low Q2 and low x behaves more and more like 



a pre-existing hadron, often assumed to be a vector meson (YMD) with a structure 
function taken - for want of an alternative - from Drell Yan measurements of the pion 
structure. 

Jet 

Jet 
Figure 3. The centre of mass angle ff+' which has to be chosen in generating an event 
at given x and Q2. 

In preparing the Monte Carlo events for input to the unfolding program we follow the 
AMY12 approach of generating separate samples for the different components of the 

photon. The QCD part of F/ is generated with the "all order" FKP formula 13, with a 
cutoff parameter pta which represents the transverse momentum below which quarks 
in the photon are assumed to behave as if they are in pre-existent bound states. The 

YMD part is generated using a formula for F/, based on the Drell Yan pion, which 

had been found by the TPC/2yexperimentl4 to fit well to data at Q 2 < 1.5 Gey2. 

The angular distribution in e* is chosen to be pointlike for the QCD sample. Two 

alternative YMD samples were considered, one with a pointlike e* distribution for the 
outgoing jets, the other with a "peripheral" distribution with an average transverse 
momentum of 300 MeY/c. The best agreement to the whole set of OPAL 
experimental distributions is obtained with pta = 270 MeY/c in the FKP model added 
to the YMD sample which had been generated with the peripheral angular 
distribution. 

Once unfolded, F/ can be compared with any theoretical prediction with 3 quark 
flavours (the charm contribution having been subtracted from the data before 
unfolding, with fie =1.6 GeY /c2 in the Yermaseren program; QED equivalent to 
QPM). Figure 4 shows how the data in our two bins of Q2 compares with previous 
experiments and with the FKP plus YDM curves. Most of the currently accepted 
QeD parametrisations also fit these distributions. Our published results have so far 
only used events tagged in the Forward Detector, so we have not yet exploited the 
higher energy of LEP to get to higher Q2 than previous experiments (see section 6 
below). 

LEP has an advantage over all lower energy experiments. The W distribution for 
hadronic events always runs out at Wmax = E , due to the softness of the Weiszacker­
Williams virtual photon spectrum. This means, from (2), that the minimum value of x 
for a given <Q2> is much smaller at LEP than it was at PETRA, as can be seen in the 
lowest x bins of Figure 4b. We have exploited this in the new analysis4 where the 
data have been unfolded in logx rather than in x, giving the result shown in figure 5. 
This uses exactly the same data sample and Monte Carlo as Figure 4b, but the 
unfolding program has redistributed the events more equally between the bins and 
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Figure 4. The unfolded hadronic structure function F2 in two bands of Q2: a) 4 < 
Q2 < 8 GeV2; b) 8 < Q2 . 30 GeV2. Note in b) that the point from OPAL at lowest x 
goes down much further than the previolJs measurement. 

there is more infonnation about the low x behaviour of F/. The solid cmve on 
Figure 5 is the prediction of the LAC-1 parametrisation 15 of the parton densities in 
the photon. Chi squared comparisons with the unfolded points give 40.12 for 4 
degrees of freedom for LAC-1 and 0.66 for the FKP plus VOM model (which had 
effectively been fitted to our distributions and so should only be ascribed 2 degrees of 
freedom). The data do not support the sharp increase of F/ for x < 0.1 which LAC-1 
predicts. 

At fIrst sight there should be no problem in confronting the LAC-1 curve with our 
unfolded data, but there are deep questions here. Remember that the low x and low 
Q2 region in our unfolding Monte Carlo (FKP plus YOM) has a large contribution 
from the peripheral VOM events. Because these events are produced peripherally 
there is a lower acceptance for them in our detector since more of their fInal state 
hadrons go into the invisible forward region. This would be true in any current 
experiment. The unfolding program has allowed for this in the final histograms 
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Figure 5. The OPAL data of Figure 4b re-unfolded4 on a log x scale. The curve 
from the LAC-l model is in clear disagreement with the data. 

plotted in Figures 4 and 5 by boosting the low x bins. What is not clear for the LAC­

1 parametrisation. or for any other theoretical parametrisation of F/ (x, Q'2), is 

whether it implicitly contains components whose dynamics would give different e* 
distributions in different regions of x and Q2. We may ask; should the LAC-l events 

at low x, where F2 rises sharply, have the same point like disrribution of e* which we 
expect in the high x region where the box diagram of Figure 1 must dominate? If 
they should, when we compare with data unfolded with a YDM peripheral 
contribution in the reference Monte Carlo we are not making a true comparison. Of 
course, unfolding with an entirely point like Monte Carlo would have the effect of 
lowering the value of our measured F2 in the low x bins, so the disagreement with 
LAC-l would become even larger. We are concerned about this problem not so much 
when testing extreme models like LAC-I, which is in clear disagreement with the 
data no matter how we analyse it, but for lower Q2 studies at LEPI (section 6 below) 
and for LEP2 (section 7 below) where we will be much more sensitive to the low x 
region in such models as GSl6 and GRy17. 

6. Future prospects for F/' (hadronic) at LEPI. 
We are already looking at tagged data from 1993 with the new Silicon-Tungsten 
luminometer which covers 1.5 < Q2 < 8 Gey2, so we expect to be in a position to 
study the evolution of F2 from the hadron-like photon into the truly deep-inelastic 
regime. And there is a respectable sample of endcap and barrel tags which will give 
us a first set of high Q2 measurements, practising for LEP2 (see section 8 below). We 



will also add the 1993, '94 and '95 data to reduce the errors on the medium Q2 region 
(8 < Q2 < 30 Gey2) which is covered by the Forward Detector. Early goals are to 
publish the data without the charm subtraction and to fit to a much wider range of 
theories. 

7. Low x evolution of F/ at LEP2. 

HERA has shown 18,19 that F/rolon has a clear rise for x < 0.01. There is no sign of 


such a rise in F/ in either of our bins of Q2 at LEP1. (The comparison4 with LAC-1 
was only done in our higher Q2 bin because their parametrisation evolves from an 
input shape at Q2=4 which has no low x rise.) At LEP2 the beam energy will be 
doubled so the minimum accessible value of x will be reduced by a factor of 1/4, see 
Table 1, and the integrated luminosity should reach 10 times what we have analysed 
so far at LEPI. If there is a low x rise in F/ it will be seen at LEP2. 

Table 1. Minimum x values accessible at LEP1 and LEP2, assuming 
Wnuu =E; from equation (2). 

<Q2> = 5.9 GeV2 <Q2> =14.7GeV2 

LEPI E =46 GeV xmin= 0.003 xmin= 0.007 

LEP2 E = 92 GeV xmin= 0.0007 xmin= 0.0017 

8. Testing QCD at LEP2. 

There are just over 500 events in the OPAL bin with 8<Q2<30 Gey2, giving3,20,21 


1 10.S 2 2?the unfolded value of - F/ (x,Q )dx = 0.447 ± 0.045 at < Q >= 14.7GeV-. At a 0.3 

LEP2, with 500 pb- I , one expects22,23 500 events in a bin with < Q2 >:::::: 450GeV2. 

? 1 10.SThe expected 10gQ- growth will give a value for - F/ (x, Q 2 
)dx of 0.66 ± 0.07 - if a 0.3 ­

the fractional error is the same as we find for a similar sample size. See Figure 6 for 
an idea of how such a new point would compare with current data. (This is 
pessimistic. The hadrons from events at high Q2 are better contained so corrections 
from Wvis to Wtrue in the unfolding will be less than in the current OPAL sample.) 
The elTors on the low Q2 bins will shrink substantially with the high statistics at 
LEP2, so the logarithmic rise predicted by QCD24,25 will be established to better than 
three standard deviations; one of the classic tests of the theory. It may even be 
possible to make a measurement of as . 

9. Can F/ ever be measured? 
There is current theoretical interest26 in whether the longitudinal structure function 
scales in the way predicted24 by QCD. The experimental possibilities were explored 
by the present author in 198627 as part of the ECFA study for LEP200. The 
numerical size of the two structure functions is comparable at accessible values of Q2 
but, from equations (4) and (5), there is only a significant contribution to the cross 

section from F/ when E' < E/2. Even then the F/ correction to the contribution 

from F/ alone is only about 1/6 of the contents of the most favourable bin. This 
signal will be very hard to resolve, not just because it is small but because there is a 
serious background which was not anticipated in 1986. The LEP tagging detectors 
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Figure 6. Measurements of the evolution of the average value of F2 with Q2. with 

an additional point at 400 GeV 2 representing the estimate of what can be achieved at 
LEP2. see text. The logarithmic growth is calculated in the FKP model but would be 
similar in other QeD models. Data from refs. 12. 14.28.29.30.31. 

see a flux of elecu'ons with about 40% of beam energy, due to beam-gas scattering in 
the straight section. Special detectors could be built to reject this background, but the 

physics demand for a measurement of F/ would have to be very strong. 

10. Conclusions 
OPAL has shown that there is worthwhile tagged two-photon physics to be done at 
LEPI. The structure function F/ (QED) has been measured in the dimuon channel. 
confinning theoretical predictions, and the first observation has been made of two-

photon production of tau pairs. The hadronic F/ structure function has been 
measured with comparable precision to previous experiments in the medium Q2 range 
(4 < Q2 < 30 Gey2). The high energy of LEP means that this measurement can go to 
lower x values than ever before. allowing us to rule out the LAC-l parametrisation of 

F/. In the time remaining at LEPI we anticipate extending the Q2 range to 
significantly higher and lower values, as well as improving our statistics. At LEP2 

two important tests of the QeD evolution of F/ can be made, at low x and at high Q2. 
The longitudinal structure function remains difficult. 

http:14.28.29.30.31


Acknowledgements 
Thanks to Bruce Kennedy (RAL) for providing the more beautiful of the slides used 
in the talk at Lund, and many of the figures for this written version; and to Goran 
Jarlskog for organising a timely meeting and looking after us so well. 

References 
1. Ahmet K. et al (the OPAL collaboration), NucJ. I 27 
2. Akers R. et al (the OPAL collaboration), Zeits. Phys. C60 (1993) 593-600. 
3. Akers R. et al (the OPAL collaboration), Zeits . Pliys. C61 (1994) 199-201f. 

4. Ward J. (for the OPAL collaboration) "Unfolding of the Structure Function F/ with special 

attention to the Low-x Region", to be published in the proceedings of the workshop Two Photon 
Physics from DAcJ>NE to LEP200 and beyond, College de France, Paris, February 2-4 1994. Editors 
F.Kapusta and J.Parisi, World Scientific (Singapore). 
5. Vermaseren J.A.M, Nucl. Ph s. B229 1983) 347. 
6. Allison J. et al. Nucl. Illstr. Meth. A317 (1992) 47. 
7. Berends F.A., Daverveld P.H., Kleiss R .. Nucl. Ph s. B253 1985)421. 
8. LeDiberger F., Hilgard J., Kleiss R. , CERN-PPE/92-115 (1992) 
9. Blobel V., Proceedings of CERN school of computing, Aiguablava, Spain September 1984, ed 
C.Verkerk, CERN 85-09. 
10. Buijs A., Langeveld W.GJ.. Lehto M.H., Miller DJ., Com . Phys. Comm.; 79 (1994) 523-532. C. f If t. t 
11. Sjbstrand T .. Com. Ph s. Canwl. 39 (1986 

Sjbstrand T .. Bengtsson M., Compo Phys. Comm. 43 (1987) 367 
12. Sasaki T. et al (the AMY col a ratIon, ell. ~2 (1990 91. 
13. Field J.H., Kapusta F., Poggioli L., Ph ysL etl . 181B (198 ) 62; and ZeUs. Phys. C36 (1987) 121. 
14. Aihara H. et al (the TPC/2ycollaboration) eits. Phvs. C34 (1987) 1; and s. Rev. Lett. 58 
(1987) 97 . 

. Abramowicz H., Charcula K .. Levy A., Phvs. Lett. B269 (1991) 458. 
16. Gordon L., Storrow J.K Zeits. Ph s. C56 1992 307. 
17. Gluck M., Reya E., Vogt A., Ph s. Rev. D46 1992) 1973. 
18. Abe I. et al (the HI collaboration) DESY 93-117 ­
19. Derrick M. et al(the ZEUS collaboration) DESY 93-110 
20. Miller DJ., "Gamma-Gamma Physics at LEP2; Experimental Possiblities" to be published in the 
proceedings of the workshop Two Photoll Physics from DAcJ>NE to LEP200 and beyond, College de 
France, Paris, February 2-4 1994. Editors F.Kapusta and J.Parisi, World Scientific (Singapore). 
21. Miller DJ., "Gamma-gamma Topics, and a look at Mesonic Goo", proceedings of the XVI Lepton 
Photoll Symposium, Cornell University, August 1993, eds P.Drell and D.Rubin. pp654-670, AlP 
conference proceedings No.302; Am. Inst. Phys., New York (1994). 
22. Cordier A. , Zerwas P.M., "The Photon Structure Function at Large Q2", proceedings of the ECFA 
workshop Oil LEP200, Aachen 1986, eds Bbhm and Hoogland, CERN 87-08, Vol I, p242. 
23. Miller DJ., Kennedy B.W., Ward JJ. and Forshaw J.R., "Deep inelastic eyscattering, with 
Beamsstrahlung", Proceedings of the Workshop on Physics and Experiments at Linear Col/iders, 
Waikoloa, Hawaii, 26-30 April 1993, ed. Harris, Olsen, Pakvasa and Tata, World Scientific, 
Singapore 1993, Vol II p577. 
24. Witten E. Nucl. Ph S. B120 1977)189. 
25. Peterson C .. Walsh T.F., Zerwas . ".. Nucl. Phys. B229(1983)301. 
26. Laenen E .. Riemersma S .. Smith J .. Van Neerven ..; .Complete next to leading order QCD 

y .., y ..,,, 
corrections to the photon structure functions F2 (x, Q-) and F; (x, Q-) Institute Lorentz, Leiden, 

preprint INLO-PUB-13/93. 
27. Miller DJ.; "Gamma-gamma Physics", proceedings of the ECFA workshop Oil LEP200. Aachen 
1986, eds Bbhm and Hoogland. CERN 87-08, Vol I, p207. 
28. Berger Ch .. et al (the PLUTO collaboration) Ph s. Lett. 142 1984)....!.1.!. and 
Nucl. Phys. B281 1987) 365. 
29. Bartel W., et al (the JADE collaboration), Zeits. Phys. C24 (1984 231. 
30. Althoff M., et al (the TASSO collaboration), Zeits hys. C31 (19 ) 527. 
31. The Venus Collaboration; private communication to tfie author21 , July 1993. 
32. Behrend H.-J., et al (the CELLO collaboration) Phys. Lett. 8126 (1983) 384; 
and Zeit5.-.Phys. C43 (1989) 1. 
33. Cain M.P.. et al (the PEP-9 collaboration) Phys. Lett. B 147 (1984) 232. 


