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1746 S. Jadah et al.1. IntrodutionA preise measurement of the luminosity is required for all experimentsat LEP measuring normalized ross setions. Any errors beome a limitingfator in high-preision measurements of the eletroweak parameters in thestandard model. Luminosity is measured via the low-angle Bhabha satter-ing proess e+e� ! e+e� + n. This proess was hosen beause it has alean, strong signal and is dominated by pure QED, with weak interationsentering below 3%, so that it an be alulated leanly as well.It is important to maintain a parity between the experimental and the-oretial preision in the luminosity proess. Reent progress with the newluminosity monitors at LEP has redued the experimental unertainty tobelow 0:05%. The best theoretial unertainty has been obtained using theMonte Carlo program BHLUMI4.04 [1℄, whih ites a preision of 0:11%for an aeptane mathing the SICAL luminometer [2℄ at ALEPH. In lightof the experimental progress, it is important to re-examine the theoretialpreision to obtain a more aurate bound on the unertainty.We have found [3℄ that a areful analysis of the two-photon radiativeorretions leads to a revised preision of 0:061% for BHLUMI with LEP1parameters. We also report results for LEP2 parameters. We obtained theseresults using exat small-angle matrix elements for all of the two photon (realand virtual) proesses ontributing to low-angle Bhabha sattering. Thesean be used to further redue the unertainty in the theoretial results as theneed arises. We also disuss the tehnial preision of the implementationof these new results in the ontext of the BHLUMI Monte Carlo generator.TABLE ITheoretial unertainty for an ALEPH SICAL-type alorimetri detetor. L is thelogarithm (1) in the leading log expansion. For LEP1, the CMS energy is the Zmass, and the angular range is 1Æ-3Æ, and for LEP2, the CMS energy may be upto 176 GeV, and angular range within 1Æ-3Æ and 3Æ-6Æ. �Past� results are fromRefs. [1, 10, 11℄. LEP1 LEP2Type of orretion Past Present Past PresentMissing photoni O(�2) [3℄ .10% .027% 0.20% 0.04%Missing photoni O(�3L2) [4℄ .015% .015% 0.03% 0.03%Vauum polarization [5, 6℄ .04% .04% 0.10% 0.10%Light pairs [7, 8℄ .03% .03% 0.05% 0.05%Z exhange [9℄ .015% .015% 0.0% 0.0%Total .11% .061% 0.25% 0.122%



New Results on the Preision of the LEP Luminosity 1747The urrently published unertainty for BHLUMI may be broken downas shown in the �Past� olumns of Table I, following Ref. [1,10℄. The largestontribution omes from the missing O(�2) photoni orretion, whih aloneontributes 0:1% to the total preision for LEP1 parameters.To obtain the results in the �Present� olumn, we have re-examined thetwo photon bremsstrahlung ontributions. These have been inorporated inBHLUMI in a leading log expansion in terms of the logarithmL = 2 ln�Emsme sin(�=2)� ; (1)whih is on the order of 15 � 20 for the LEP1 and LEP2 parameters.The leading ontribution at order �2 has a fator of L2, and terms withlower powers of L may be added systematially as needed. BHLUMI4.04inludes the O(�2L2) leading log matrix element together with Yennie�Frautshi�Suura (YFS) exponentiation [12℄. We have used the exat resultsin Refs. [13�15℄ and the exat result in Ref. [16℄ to make a more realistiestimate of the true size of this dominant error [1, 10℄.It is important to reexamine the tehnial preision of the Monte Carloprogram's generation of two hard real photons together with the implemen-tation of the new exat matrix element. This an be done by implementingthe same matrix element in both BHLUMI4.04 and an independent MonteCarlo program. We will present the results of this test, and show that thetehnial preision remains very high ompared to the physial preision.The missing part of the O(�2) orretion due to one hard and one vir-tual photon an be found by implementing the exat (one loop) expressionof Ref. [13℄ in BHLUMI4.04, and omparing it to the leading log expressionalready in use. In Fig. 1, we show the eletron-line emission ross-setionobtained by running BHLUMI for 106 events with ALEPH SICAL-type a-eptane, for both LEP1 and LEP2 parameters. We display the di�erenesbetween the BHLUMI leading log expression and two more preise expres-sions: the exat one from Ref. [13℄ and a semi-ollinear expression fromRef. [17℄.The BHLUMI results are within :02% of the exat result in units ofthe respetive Born ross setion throughout the experimentally interestingregime 0:2 � 1� zmin � 1:0. This is the main reason we have been able toredue the estimated preision of the BHLUMI4.04 predition in omparisonto Ref. [1, 10℄.The missing part of the O(�2) orretion due to a pair of hard photonsan be found by implementing the exat (tree level) expression of Ref. [15℄in BHLUMI4.04, and omparing it to the leading log expression already inuse. In Fig. 2, we show the eletron-line emission ross-setion obtainedby running BHLUMI for 106 events with ALEPH SICAL-type aeptane,



1748 S. Jadah et al.

:25 :50 :75 1:00�10: � 10�4�7: � 10�4�5: � 10�4�2: � 10�40: � 10�42: � 10�45: � 10�4
2222222222222222222222222222222222222222????????????????????????????????????????

2 Exact - LL? Ref. [17] - LL
1� zmin

LEP1�hard+virt:��LL�Born

:25 :50 :75 1:00�10: � 10�4�7: � 10�4�5: � 10�4�2: � 10�40: � 10�42: � 10�45: � 10�4
2222222222222222222222222222222222222222????????????????????????????????????????

2 Exact - LL? Ref. [17] - LL
1� zmin

LEP2�hard+virt:��LL�Born

Fig. 1. Monte Carlo results (106 events) for the O(�2) ross setion for singlephoton emission from the eletron line. Di�erenes between three matrix elementsare shown for the SICALWide-Narrow trigger, divided by the Narrow-NarrowBornross setion, with zmin de�ned as in Fig. 2 of Ref. [9℄. The two graphs displayresults for LEP1 and LEP2 parameters, respetively.
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Fig. 2. Monte Carlo results (106 events) for the O(�2) ross setion for two photonemission from the eletron line. Exat and leading log hard photon ross setionsare shown for the SICALWide-Narrow trigger, divided by the Narrow-NarrowBornross setion, with zmin de�ned as in Fig. 2 of Ref. [9℄. The two graphs displayresults for LEP1 and LEP2 parameters, respetively.for both LEP1 and LEP2 parameters. The hard photon part of the doublebremsstrahlung ross setion (tehnially, the averaged YFS residual ��2 [12℄)is displayed for both matrix elements.As a hek on the tehnial preision, we also implement both of thesematrix elements in an independent �test� Monte Carlo program optimizedto generate exatly two hard photons. The same two-photon ross setionsare alulated, and ompared to the BHLUMI results.



New Results on the Preision of the LEP Luminosity 1749We �nd that the error introdued by using the leading log approxima-tion is 0:012% for the relevant range of parameters, in agreement with theestimate in Ref. [1℄. The di�erene between the two Monte Carlo generatorsis below 0:003% of the Born ross setion. This shows that the tehnialpreision is still good on the sale of the improved physial preision.Finally, we turn to the exat result for two virtual photons, and ompareit to the exat result in BHLUMI4.04. This has been obtained by analytiallyontinuing the result of Ref. [16℄ for the O(�2) (two-loop) QED harge formfator from the s-hannel to the t-hannel. For the ALEPH SICAL typeaeptane at the Z0 peak, this was found [3℄ to yield a 0:014% ontributionto the ross setion.Adding the three errors above in quadrature, �nd that the urrent al-ulation of the O(�2) photoni orretions in BHLUMI4.04 are aurate to0:027%. Using this result in Table I for Ref. [1℄ we arrive at the preisiontag 0:061% for in BHLUMI4.04 at the Z0 peak. Repeating this analysis forLEP2 parameters, we �nd that the orresponding preision of BHLUMI4.04,for both the SICAL and LCAL type aeptanes, is now redued to 0:122%ompared to the estimate in Ref. [1℄ of 0:25%. This new LEP2 result appliesup to ms energies of 200GeV.Our new estimate for the missing O(�2) bremsstrahlung ontributionin BHLUMI4.04 agrees with the estimate of 0:03% made by Montagna etal. [18℄ using an approximation with one hard ollinear external photonand an aollinear internal photon. Our exat result on�rms that theirapproximation atually gives the bulk of the O(�2) orretion.The speaker (S.Y.) would like to thank Prof. S. Jadah, the theory groupof the Institute of Nulear Physis, Craow for their support and hospitalitywhen this talk was given. Two of the authors (S.J. and B.F.L.W.) thank theALEPH, DELPHI, L3 and OPAL Collaborations and the CERN THDivisionfor their support and kind hospitality while this work was ompleted.REFERENCES[1℄ S. Jadah, E. Rihter-W�as, W. Plazek, B.F.L. Ward, Z. W�as, Comput. Phys.Commun. 102, 229 (1997).[2℄ See for example, B. Pietrzyk, In B.F.L. Ward, ed., Pro. Tennessee Intl. Symp.on Radiative Corretions: Status and Outlook, World Sienti�, Singapore1995, p. 138.[3℄ S. Jadah, M. Melles, B.F.L. Ward, S. A. Yost, Univ. Tennessee preprintUTHEP-98-0501, May 1998, Phys. Lett. B, 1999, in press; Univ. Tennesseepreprint UTHEP-98-0503, May 1998, to appear.
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