‘H 12 October 2000

PHYSICS LETTERS B

ELSEVIER Physics Letters B 491 (2000) 67—-80
www.elsevier.nl/locate/npe

Determination of theTe~ — yy (y) cross-section at
centre-of-mass energies ranging from 189 GeV to 202 GeV

DELPHI Collaboration

P. Abrelr, W. Adam®, T. Adye®, P. Adzic®, Z. Albrecht’, T. AlderweireldP ¢,
G.D. AlekseeV, R. Alemany®, T. Allmendinger, P.P. Allport?, S. Almehed,
U. Amaldi®, N. Amapané? S. Amatd®, E.G. Anassontzig P. AnderssofY,
A. Andreazzd', S. Andringd, P. Antilogus®, W.-D. Apel*, Y. Arnoud®, B. Asmar?,
J.-E. Augustiri®, A. Augustinusg”, P. Baillon™, A. Ballestrerg?, P. Bambadg&™,
F. Barad, G. Barbiellini®?®®, R. Barbierd, D.Y. Bardin", G. Barker, A. Baroncelli®,
M. Battaglia’, M. Baubillier®®, K.-H. Becks™", M. Begalli"J, A. Behrmanr",
P. Beilliere, Yu. Belokopytov", K. Belous®, N.C. Beneko&:, A.C. Benvenut?,
C. Bera#, M. Berggreri®, L. Berntzor®, D. Bertrand*®¢, M. Besancof¥,
M.S. Bilenky", M.-A. Bizouard, D. Bloch", H.M. Blom#®, M. Bonesini9,

M. Boonekampd®, P.S.L. Boott? G. Borisov*, C. Bosic®, O. Botner?, E. Boudino?,
B. Bouquet, C. Bourdariog, T.J.V. Bowcock?, I. Boyko", I. Bozovic?, M. Bozzd',
M. Bracko®® P, Branchini’, R.A. Brennef?, P. Bruckmar, J.-M. Brunet,

L. Bugge?, T. Burar?, B. BuschbecK', P. Buschman#f, S. Cabreré&, M. Cacci&,
M. Calvi®9, T. CamporesT, V. Canale?, F. Caren&, L. Carroll®,

M.V. Castillo Gimene?®, A. Cattai®, F.R. Cavalld, M. Chapkir®, Ph. Charpentiet,
P. Checchi&, G.A. ChelkoV, R. Chierici®?, P. Chliapnikov*#, P. Chochul4,

V. Chorowicz, J. Chudobé, K. Cieslik", P. Collins™, R. Contri, E. Corting®,

G. Cosmé, F. Cossutti"’, M. Costa®, H.B. Crawley?, D. Crennelf®, G. Crosett,

J. Cuevas Maestfd, S. Czellat, J. D’'Hondt*¢¢, J. Dalmaw, M. Davenport",

W. Da Silva®, G. Della Ricc&2®, P. Delpierré®, N. Demaria?, A. De Angelis®®,
W. De Boer, C. De Clercg®?, B. De Lotto", A. De Min™, L. De Paul&®,

H. Dijkstra™, L. Di Ciaccio®, J. Dolbead, K. Doroba, M. Dracos’, J. Dree$",
M. Dris®, G. Eigerl, T. Ekelof®®, M. Ellert®d, M. Elsing™, J.-P. Engel,

M. Espirito Santd', G. Fanouraki8, D. Fassoulioti8, M. Feindt’, J. Fernande?,
A. Ferrer®, E. Ferrer-Riba¥ F. Ferrd, A. Firestoné, U. Flagmeyef", H. Foeth™,
E. Fokitis®, F. Fontanelli, B. Franek®, A.G. Frodeseh R. Fruhwirth’,

F. Fulda-Quenzet J. Fustefe, A. Galloni?® D. Gamba?, S. Gamblirt,

M. Gandelmaft®, C. Garci&®, C. Gaspaf, M. Gaspal®, U. Gasparini®, Ph. Gavillet",

0370-2693/00/$ — see front mattér 2000 Published by Elsevier Science B.V.
PIl: S0370-2693(00)01013-3



68 P. Abreu et al. / Physics Letters B 491 (2000) 67—-80

E.N. Gazisk, D. Gele", T. Gerali, N. Ghodbané”, I. Gil *¢, F. Glege™,
R. Gokieli™"9, B. Golob™®& G, Gomez-Ceballg% P. Goncalvey

|. Gonzalez Caballery G. GopaP®, L. Gorn?, Yu. Gouz, V. Graccd, J. GrahP,

E. Graziani, P. Gris®, G. Grosdidiet, K. Grzelak®, J. Guy®, C. Haad, F. Hahn",
S. Hahr", S. Haidef", Z. Hajduk”, A. Hallgren™®, K. Hamache?", J. Hansef,
F.J. Harrig", F. Hauler, V. Hedberd™®, S. Heisind, J.J. Hernande?, P. Herquet®,
H. Herr™, E. Higon®®, S.-O. Holmgrer®, P.J. Holf", S. Hoorelbek&®4, M. Houlder?®,
J. Hrubed', M. Huber', G.J. Hughe#®, K. Hultqvist™®, J.N. Jacksoff,

R. Jacobssoh, P. Jalochd, R. Janik, Ch. Jarlskod®, G. Jarlskog®, P. Jarrys,

B. Jean-Mari&, D. Jean®", E.K. Johansso#, P. Jonssoff, C. Joran®, P. Juillot",
L. Jungermanh, F. Kapust&®, K. Karafasoulig, S. Katsaneva, E.C. Katsoufig,
R. Keranen, G. KerneP"®, B.P. Kersevai*“®, Yu. Khokhlov®, B.A. Khomenkd',
N.N. Khovanskt, A. Kiiskinen!, B. King® A. Kinvig 2, N.J. Kjaer, O. Klapp®",

P. Kluit¥, P. Kokkiniag, V. Kostioukhine?, C. Kourkoumelig, O. KouznetsoV,

M. Krammer®, E. Kriznic®®, Z. Krumsteirt, P. Kubine&, W. Kucewicz",

J. Kurowska?, K. Kurvinent, J.W. Lamsg&, D.W. Lané?, V. Lapin®, J.-P. Laugief®,
R. LauhakangdsG. Ledef”, F. Ledroits, L. Leinoner®, A. Leisos”, R. Leitner®,
J. Lemonné®d, G. Lenzen", V. Lepeltier, M. Lethuillier3, J. Libby?", W. Liebig®",
D. Liko™, A. Lipniacka®, I. Lippi 2, B. Loerstad®, J.G. Lokeri", J.H. Lopes®,
J.M. LopeZ', R. Lopez-FernandézD. Loukag, P. Lutz*, L. Lyons®",

J. MacNaughtoH, J.R. Mahort'/, A. Maio?, A. Malek®", S. Maltezos,

V. Malychev, F. Mandl’’, J. Marcd®, R. Marco®, B. Marechaf¢, M. Margoni®,
J.-C. Marin™, C. Mariotti™, A. MarkouP, C. Martinez-Riverd', S. Marti i Garcid",
J. Masik?, N. Mastroyiannopoulos F. Matorras', C. Matteuzzf®*, G. Matthia€",
F. Mazzucat@®, M. Mazzucatg®, M. Mc Cubbin®, R. Mc Kay?, R. Mc Nulty?2,
G. Mc Phersof?, E. Merles, C. Meroni®, W.T. Meyer?, A. Miagkov®, E. Migliore™,
L. Mirabito 24, W.A. Mitaroff ', U. Mjoernmark, T. Moa®, M. Moch", R. Moeller",
K. Moenig™°, M.R. Mong€, D. Moraeg*, P. Morettini, G. Morton®", U. Mueller®,
K. Muenich®®, M. Mulders?¥, C. Mulet-Marquis, L.M. Mundim™"/, R. Muresari,
W.J. Murray®, B. Muryn?, G. Myatt®", T. Myklebust#', F. Naragh?, M. Nassiakod,
F.L. Navarrigf, K. Nawrocki®9, P. Negri9, N. Neufeld, R. Nicolaidou#,

B.S. Nielseri", P. Niezurawski%, M. Nikolenko™!, V. NomokonoV, A. Nygren&©,
A. Oblakowska Muchd, V. Obraztso#', A.G. Olshevskf, A. Onofre?, R. Oravd,
G. Orazi", K. Osterberd', A. Ouraoufs, A. Oyangureri¢, M. Paganoni?, S. Paiané,
R. Pairf®, R. Paiv#, J. Palacio®, Th.D. Papadopouldl, L. Pap€", C. Parke$,

F. Parodi, U. Parzefalf®, A. Passert’, O. Passof, T. PaveP<, M. Pegorard®,

L. Peralt&, M. Pernicka', A. Perrottd, C. Petrido#*®, A. Petrolini’, H.T. Phillips®,
F. Pierres, M. Piment#, E. Piotto™, T. Podobnilk®, V. Poireais, M.E. Pol™",



P. Abreu et al. / Physics Letters B 491 (2000) 67—-80 69

G. Polok", P. Poropat?®®, V. PozdniakoV, P. Priviter&d, N. Pukhaevé, A. Pullia®,
D. Radojicic®", S. RagazZ¥ H. Rahmant, J. Rame§, P.N. Ratoff, A.L. Read,
P. RebeccHt, N.G. Redaelli9, M. Regler”, J. RehrY, D. Reid¥, P. Reinertseh
R. Reinhardt", P.B. Rento?", L.K. Resvanis, F. Richard, J. Ridky", G. Rinaudd?,
|. Ripp-Baudof', A. Romerd?, P. Ronches¥, E.I. Rosenberg P. Rosinsky,

P. Roudeat), T. Rovelli9, V. Ruhlmann-Kleide?s, A. Ruiz®, H. Saarikkd,

Y. Sacquirts, A. Sadovsky, G. Sajof, J. Salt®, D. Sampsonidi& M. Sannind,
A. Savoy-Navarrd®, Ph. Schwemling’, B. Schwering", U. Schwickerath,

F. Scurifa, p. Seagef, Y. Sedyktt, A.M. Segar”, N. Seibert, R. Sekulirt®,

G. Setté, R.C. Shellard@'i, M. SiebeP", L. Simard®s, F. Simonettd®, A.N. Sisakiar,
G. Smadjd‘, O. Smirnova®, G.R. Smith*, O. SolovianoW, A. Sopczak,

R. SosnowskKid, T. SpassoV, E. Spiriti®, S. Squarcig C. Stanescd, M. Stanitzki,
K. Stevensof", A. Stocchi, J. Straus¥, R. Strul, B. Stugu, M. Szczekowski,
M. Szeptycka?, T. Tabarellf9, A. Taffard®®, F. Tegenfeldt?, F. Terranov&’,

J. Timmermang, N. Tinti9, L.G. TkatcheV, M. Tobin?® S. Todorové', B. Tomée?,
A. Tonazzd", L. Tortora®, P. Tortos&®, G. Transtromet, D. Treille™, G. Tristram,
M. Trochimczukd, C. Troncorf, M.-L. Turluer®, I.A. TyapkinY, P. Tyapkirf<,
S. Tzamariag, O. Ullaland™, V. Uvarov®, G. Valenti™9, E. Vallazz&?"®,

P. Van Dan?®, W. Van den Boeck®d, J. Van Eldik™¥, A. Van Lysebettef®?,

N. van Remortel©d, |. Van Vulper?, G. Vegni®, L. Ventura®, W. Venus®™,

F. Verbeurécd, P. Verdiefd, M. Verlato®, L.S. VertogradoV, V. Verzi¥,

D. Vilanova®, L. VitaleP®, E. Vlasow", A.S. VodopyanoV, G. Voulgaris®, V. Vrba¥,
H. Wahlerf", A.J. WashbrooR?® C. Weisef", D. Wicke™, J.H. Wickeng¢¢,
G.R. Wilkinsor?", M. Winter", G. Wolf™, J. Yi?, O. Yushchenké’, A. Zalewsk&",
P. ZalewskP9, D. Zavrtanik®®, E. Zevgolatakod, N.I. Zimin“2, A. Zintchenkd',
Ph. Zoller", G. Zumerle&®°, M. Zupar®
@ Department of Physics and Astronomy, lowa State University, Ames IA 50011-3160, USA
b Physics Department, Univ. Instelling Antwerpen, Universiteitsplein 1, B-2610 Antwerpen, Belgium

CIIHE, ULB-VUB, Pleinlaan 2, B-1050 Brussels, Belgium
d Faculté des Sciences, Univ. de I'Etat Mons, Av. Maistriau 19, B-7000 Mons, Belgium
€ Physics Laboratory, University of Athens, Solonos Str. 104, GR-10680 Athens, Greece
f Department of Physics, University of Bergen, Allégaten 55, NO-5007 Bergen, Norway
9 Dipartimento di Fisica, Universita di Bologna and INFN, Via Irnerio 46, IT-40126 Bologna, Italy
h Centro Brasileiro de Pesquisas Fisicas, rua Xavier Sigaud 150, BR-22290 Rio de Janeiro, Brazil
. ! Depto. de Fisica, Pont. Univ. Catolica, C.P. 38071 BR-22453 Rio de Janeiro, Brazil
J'Inst. de Fisica, Univ. Estadual do Rio de Janeiro, rua S&o Francisco Xavier 524, Rio de Janeiro, Brazil
k Comenius University, Faculty of Mathematics and Physics, Mlynska Dolina, SK-84215 Bratislava, Slovakia
' Collége de France, Lab. de Physique Corpusculaire, IN2P3-CNRS, FR-75231 Paris Cedex 05, France
M CERN, CH-1211 Geneva 23, Switzerland
" Institut de Recherches Subatomiques, IN2P3 — CNRS/ULP — BP20, FR-67037 Strasbourg Cedex, France
O Now at DESY-Zeuthen, Platanenallee 6, D-15735 Zeuthen, Germany
P Institute of Nuclear Physics, N.C.S.R. Demokritos, P.O. Box 60228, GR-15310 Athens, Greece

4 FZzU, Inst. of Phys. of the C.A.S. High Energy Physics Division, Na Slovance 2, CZ-180 40, Praha 8, Czech Republic
" Dipartimento di Fisica, Universita di Genova and INFN, Via Dodecaneso 33, IT-16146 Genova, Italy



70 P. Abreu et al. / Physics Letters B 491 (2000) 67—-80

S Institut des Sciences Nucléaires, IN2P3-CNRS, Université de Grenoble 1, FR-38026 Grenoble Cedex, France
t Helsinki Institute of Physics, HIP, P.O. Box 9, FI-00014 Helsinki, Finland
U Joint Institute for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, RU-101 000 Moscow, Russian Federation
VInstitut fiir Experimentelle Kernphysik, Universitat Karlsruhe, Postfach 6980, DE-76128 Karlsruhe, Germany
W Institute of Nuclear Physics and University of Mining and Metalurgy, Ul. Kawiory 26a, PL-30055 Krakow, Poland
X Université de Paris-Sud, Lab. de I'Accélérateur Linéaire, IN2P3-CNRS, Bat. 200, FR-91405 Orsay Cedex, France
Y School of Physics and Chemistry, University of Lancaster, Lancaster LA1 4YB, UK
ZLIP, IST, FCUL — Av. Elias Garcia, 1421 PT-1000 Lisboa Codex, Portugal
aapepartment of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK
ab| PNHE, IN2P3-CNRS, Univ. Paris VI et VII, Tour 33 (RdC), 4 place Jussieu, FR-75252 Paris Cedex 05, France
a¢ pepartment of Physics, University of Lund, Solvegatan 14, SE-223 63 Lund, Sweden
ad ynjversité Claude Bernard de Lyon, IPNL, IN2P3-CNRS, FR-69622 Villeurbanne Cedex, France
28 Univ. d’Aix — Marseille 1l — CPP, IN2P3-CNRS, FR-13288 Marseille Cedex 09, France
af Dipartimento di Fisica, Universita di Milano and INFN-MILANO, Via Celoria 16, IT-20133 Milan, Italy
ad Dipartimento di Fisica, Univ. di Milano-Bicocca and INFN-MILANO, Piazza delle Scienze 2, IT-20126 Milan, Italy
_ ah Njels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen @&, Denmark
a'IPNP of MFF, Charles Univ., Areal MFF, V Holesovickach 2, CZ-180 00, Praha 8, Czech Republic
& NIKHEF, Postbus 41882, NL-1009 DB Amsterdam, The Netherlands
ak National Technical University, Physics Department, Zografou Campus, GR-15773 Athens, Greece
al Physics Department, University of Oslo, Blindern, NO-1000 Oslo 3, Norway
@M Dpto. Fisica, Univ. Oviedo, Avda. Calvo Sotelo s/n, ES-33007 Oviedo, Spain
an pepartment of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK
a0 Dipartimento di Fisica, Universita di Padova and INFN, Via Marzolo 8, IT-35131 Padua, Italy
ap Rutherford Appleton Laboratory, Chilton, Didcot OX11 OQX, UK
a4 Dipartimento di Fisica, Universita di Roma Il and INFN, Tor Vergata, IT-00173 Rome, Italy
ar Dipartimento di Fisica, Universita di Roma Ill and INFN, Via della Vasca Navale 84, IT-00146 Rome, Italy
aSDAPNIA/Service de Physique des Particules, CEA-Saclay, FR-91191 Gif-sur-Yvette Cedex, France
at |nstituto de Fisica de Cantabria (CSIC-UC), Avda. los Castros s/n, ES-39006 Santander, Spain
au Dipartimento di Fisica, Universita degli Studi di Roma La Sapienza, Piazzale Aldo Moro 2, IT-00185 Rome, Italy
& Inst. for High Energy Physics, Serpukov P.O. Box 35, Protvino, (Moscow Region), Russian Federation
aw J, Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia
and Laboratory for Astroparticle Physics, Nova Gorica Polytechnic, Kostanjeviska 16a, SI-5000 Nova Gorica, Slovenia
X Department of Physics, University of Ljubljana, SI-1000 Ljubljana, Slovenia
& Fysikum, Stockholm University, Box 6730, SE-113 85 Stockholm, Sweden
8z pipartimento di Fisica Sperimentale, Universita di Torino and INFN, Via P. Giuria 1, IT-10125 Turin, Italy
ba Dipartimento di Fisica, Universita di Trieste and INFN, Via A. Valerio 2, IT-34127 Trieste, Italy
bb jstituto di Fisica, Universita di Udine, IT-33100 Udine, Italy
be Univ. Federal do Rio de Janeiro, C.P. 68528 Cidade Univ., llha do Fund&o BR-21945-970 Rio de Janeiro, Brazil
bd Department of Radiation Sciences, University of Uppsala, P.O. Box 535, SE-751 21 Uppsala, Sweden
be|FIC, Valencia-CSIC, and D.FA.M.N., U. de Valencia, Avda. Dr. Moliner 50, ES-46100 Burjassot (Valencia), Spain
bf Institut fir Hochenergiephysik, Osterr. Akad. d. Wissensch., Nikolsdorfergasse 18, AT-1050 Vienna, Austria
bd |nst. Nuclear Studies and University of Warsaw, Ul. Hoza 69, PL-00681 Warsaw, Poland
bh Fachbereich Physik, University of Wuppertal, Postfach 100 127, DE-42097 Wuppertal, Germany

Received 13 July 2000; received in revised form 25 August 2000; accepted 29 August 2000
Editor: L. Montanet

Abstract

A test of the QED processte™ — yy(y) is reported. The data analysed were collected with the DELPHI detector in
1998 and 1999 at the highest energies achieved at LEP, reaching 202 GeV in the centre-of-mass. The total integrated luminosity
amounts to 375.7 pb-. The differential and total cross-sections for the proegss™ — yy were measured, and found to be in

* Corresponding author.
E-mail addressclara.matteuzzi@cern.ch (C. Matteuzzi).
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agreement with the QED prediction. 95% confidence level (C.L.) lower limits on the QED cut-off parameters-0830 GeV

and A_ > 320 GeV were derived. A 95% C.L. lower bound on the mass of an excited electron of Slfk%B(W ry =1)

was obtained. s-channel virtual graviton exchange was searched for, resulting in 95% C.L. lower limits on the string mass scale,
Mg: Mg > 713 GeV/c? (A = 1) andMyg > 691 GeV/c? (A = —1). 0 2000 Published by Elsevier Science B.V.

1. Introduction 2. Data sample and apparatus

The data analysed were taken ate~ collision

An analysis of two-photon final states using the high energies of 1883+ 0.04 GeV, 1916 + 0.04 GeV,
energy data sets collected with the DELPHI detector 1995+0.04 GeV,19%+0.04 GeV and 205 + 0.04

in 1998 and 1999 is reported. The data analysed Were(lj’evg[i]bcgorrsislpozndinf éofnt;gga;zdl Iingizosbiii(les of
collected ate™e™ collision energies ranging from 51 9 po%, 25. - PR, 70 4 Pb

—1 1 ;
188.6 GeV up to 201.6 GeV, corresponding to a total 826+ O.'5 p_b and 401+ 0.2 pb™, r(_aspectlvely.
; o The luminosity was measured by counting the number
integrated luminosity of 375.7 pB.
) ) . of Bhabha events at small polar angles, recorded
Final states with two photons are mainly produced

by the standard U Thi with DELPHI's luminometer: the small angle tile
y the standard procegse — yy(y). Thisreac- ., imeter (STIC), made of two modules located at

tlgn_|s_ an glmost pure QED process: at. orders above |z| = 220 cm from the interaction point and with polar
a“, it is mainly affected by QED corrections, such as angle coverage betweeh and 10 (170° and 178).

soft and harcoremsstrahlungind virtual corrections, Photon detection and reconstruction relies on the
compared to which the weak corrections due to the ex- rigger and energy measurement based on two electro-
change of virtual massive gauge bosons are very smallmagnetic calorimeters: the high density projection
[1-3]. Therefore, any significant deviation between chamber (HPC) in the barrel region and the forward
the measured and the QED cross-section could unam-electromagnetic calorimeter (FEMC) in the endcaps.
biguously be interpreted as the result of non-standard The HPC is a gas-sampling calorimeter, made of

physics. 144 modules, each one with 10 lead layersHp
The Born cross-section fef"e™ — yy (y) is given embedded in a gas mixture. It covers polar angles
by between 42 and 138. The FEMC is a lead glass

calorimeter, covering the polar angle regidd°, 35°]
o 2ra and its complement with respect to 280 he barrel
ooep=K - - (1) DELPHI electromagnetic trigger requires coincidence
between scintillator signals and energy deposits in

) HPC while in the forward region the electromagnetic
K depends on the angular acceptance for the final state, . L L
: . . trigger is given by energy deposits in the FEMC lead-
photons,« is the electromagnetic coupling constant

ds is th tre-of q glass counters.
ands 1s % centre-o-mass e? ergy squared. The tracking system allows the rejection of charged
Since ogep scales withs™, the combination of

) particles and the recovery of photons converting inside
measurements taken at different centre-of-mass eN-the detector. The DELPHI barrel tracking system

ergy values is straightforward and data taken at neigh- rg|ies on the vertex detector (VD), the inner detector
bouring values of,/s can be combined by applying (|p), the time projection chamber (TPC) and the outer
this scaling function. detector (OD). In the endcaps, the tracking system
Previous DELPHI results concerning the process relies also on the VD and the TPC (down to about 20
ete™ — yy(y), using LEPI and LEPII data, can in polar angle), and on the forward chambers A and B
be found in Refs. [4,5]. The most recently published (FCA, FCB). The VD plays an important role in the
results from the other LEP experiments can be found detection of charged particle tracks coming from the
in Refs. [6—8]. interaction point. A more detailed description of the
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DELPHI detector, of the triggering conditions and of geometric centre of DELPHI. Showers were consid-

the readout chain can be found in [10]. ered isolated if the total energy inside the double cone
was less than 1 GeV. The energy of the isolated neutral
particles was re-evaluated as the sum of the energy of

3. Photon reconstruction and identification all associated deposits inside the inner cone where no
charged particles of more than 250 MgVwere al-
The procesgTe™ — yy(y) yields not only neu- lowed. The direction of the isolated showers was the

tral final states but also final states characterized by energy weighted mean of the directions of all associ-
the presence of charged particle tracks from photon ated energy deposits. Such particles, with a total en-
conversions. ergy above 3 GeV, were identified as photons if the
Photons converting inside the tracking system, but following criteria were fulfilled:
after the vertex detector, are characterized by charged e The polar angle of the energy deposit was inside
particle tracks and will be referred to as converted pho- [25°, 35°], [42°, 88°], [92°, 138°] or [14%, 155°], in
tons. Photons reaching the electromagnetic calorime- order to reduce VD and calorimeter edge effects.
ters before converting, yielding no reconstructed char- e No VD track element pointed to the direction of
ged particle tracks, will be referred to as unconverted the energy deposit within°310°) in azimuthal angle
photons. According to this classification, two different in the barrel (forward) region of DELPHI (a VD track
algorithms were applied in the photon reconstruction element was defined as at least two hits in different

and identification. VD layers aligned within an azimuthal angle interval
The main contamination tete™ — yy(y) fi- of 0.5°).
nal states comes from radiative Bhabhe {~ — e If more than 3 GeV of hadronic energy was

ete™ (y)) events with one non-reconstructed electron associated to a deposit, then at least 90% of it had to be
and the other electron lost in the beam pipe, and in the first layer of the hadronic calorimeter (HCAL).
from Compton ¢*y) events. Compton events are pro- ¢ For an energy deposit in the HPC, there had to
duced by the scattering of beam electrons by a quasi- be at least three HPC layers with more than 5% of the
real photon radiated by another incoming electron, total electromagnetic energy, unless the deposit was
resulting mostly in final states with one photon and within 1 degree of the HPC azimuthal intermodular
one electron in the detector, the remainifg going divisions?

undetected through the beam-pipe. Both the Bhabha

and the Compton backgrounds can however be dra-3 5> converted photons

matically reduced if the vertex detector is used as
a veto for charged particles coming from the inter-
action point. The event generator used to simulate
ete™ — yy(y) was that of Berends and Kleiss [1],
while the Bhabha and Compton event generators are
BHWIDE and TEEG, described in Refs. [11] and [12],
respectively. The generated samples were processe
through the full DELPHI simulation and reconstruc-
tion chains [10].

Converted photon candidates were reconstructed
with the help of a jet clustering algorithm: all parti-
cles in the event, with the exception of isolated neu-
tral particles, were forced to be clustered in jets (iso-
C{ated charged particles were not treated as single par-
icles but as low multiplicity jets). The DURHAM jet
algorithm [13] was applied, using as resolution vari-
ableycyt = 0.003. Low multiplicity jets with less than
6 charged particles were treated as converted photon
candidates. These candidates were recovered if they
were associated to energy deposits above 3 GeV ful-
filling the photon identification criteria described in
Section 3.1. The requirement that no correlated signals

3.1. Unconverted photons

Unconverted photon candidates were reconstructed
by applying an isolation algorithm to energy deposits
in the calorimeters. The algorithm relied on a double
cone centered on each energy deposit, with internal
and external half angles of fand 13, respectively, 1 The HPC modules are distributed in 6 rings of 24 modules
where the vertices of both cones correspond to the located at mogh, 15°) = 7.5°.



P. Abreu et al. / Physics Letters B 491 (2000) 67—-80 73

°

were observed in the VD was a particularly important

Q00
criterion for the rejection of electrons. §

s

H=

10°

(a)
107

4. Two photon eventsiete™ — yy(y)

The selectedyy(y) sample consisted of events
with at least two photons, where at most one was
converted. The electromagnetic calorimeters (HPC y
and FEMC), the TPC and the VD were required to
be nominally operational. The analysis was performed
in the polar angle interval corresponding|tmsd*| € : "o
[0.035, 0.731] U [0.819, 0.906], where the variable* Acollinearity (*)
stands for the polar angle of the photons relative to the Fig. 1. Acollinearity distribution for theyy (/) sample selected
direction of the incident electron in the centre-of-mass at all centre-of-mass energies (dots), before imposing tHe 30
of theete™ collisior? after allowing for ISR. The two ~ acollinearity cut (arrow). The histograms represent the QED
most energetic photons were required to have energies® ¢~ 77 (v) simulation (grey area) and the remaining back-
above 15% of the collision energy and isolation ground (white area). The latter is mainly due to Comptetiy)

events.
angle of 30 (the isolation angle is the minimum
of the angles between the photon and the remaining
reconstructed particles in the event). No other particles
(with exception of isolated photons) with energy above
3 GeV were allowed in the event. The application of
these criteria resulted in an almost pyrg sample,
where the contamination from Bhabha and Compton
events is about 0.3% and 3%, respectively.

The radiation of a third hard photon constrains the
two harder photons to be produced at effectiye
values which have been tested more accurately us-
ing lower energy data. Since the aim of this analy-
sis is to test the QER*e~ — yy reaction at the
highest available energies, such final states were not
allowed in the selected sample: events with a third
hard bremsstrahlungohoton can be considered as a
higher order contributionte™e~ — yy (like the soft
bremsstrahlungand the virtual contributions), which
can be deconvoluted from data by applying a radia-
tive correction factor when evaluating thee™ — yy

1

Ll L
140 160 180

[l

0 20 40 60 80 100

i
120

rion, consisting in requiring that the acollineafitye-
tween the two most energetic photons was beloty 30
was applied, eliminating most events with a third vis-
ible hard photon, and reducing the Compton back-
ground to 0.3%. The acollinearity distribution prior to
the cut is shown in Fig. 1 (a) for the full data sam-
ple, and compared to the" e~ — yy(y) simulation
and to the remaining background expectations. After
imposing all selection criteria, the contamination from
Bhabha and Compton events to the selegtgdsam-

ple was estimated to be 0.6%, and taken into account
in the systematic uncertainty.

4.1. yy trigger and selection efficiencies

The trigger efficiency for neutral two-photon final
states was computed with Bhabha events using the
redundancy of the electromagnetic trigger with the
X track trigger. It was calculated for each centre-of-mass
Born cross-section. Moreover, thge™ — yyy con- energy as a function ofcosv*|. The global values

tribution can be dramatically reduced if the spatial pisined for the barrel and endcaps are displayed in
angle between the two most energetic photons is re- topje 1.

quired to be large. Therefore, a final selection crite- g4/ states with one converted photon are triggered

by the single track coincidence trigger, whose effi-

2 The parameterization of the photon polar angle Witrenables -
the cross-section measurement to be insensitive to photons lost in 3 The acollinearity between two directions is the complement to
the beam pipe. 7 of the spatial angle between them.
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Table 1 Table 2
Trigger efficiencies (using the redundancy of the Bhabha trigger) Selection efficiencies for/y(y) final states in the barrel and
for yy neutral final states in the barrel and forward regions of the forward regions of the detector, with their statistical and systematic

detector for the different data sets uncertainties, for the two data taking periods
6t};i)g/;ger éé/ez/lﬂlyc
Js Barrel Forward Vs Barrel Forward
[GeV]  |cosh*| €[0.0350.731] |cosP*| € [0.819 0.906] [GeV] |cos9*| € [0.0350.73]] |cosH*| € [0.819 0.906]
188.6 0985+ 0.002 10000+ 0.0003 188.6 0754+ 0.004+ 0.032 0480+ 0.006+ 0.003
191.6 0977+ 0.007 10004+ 0.002 191.6-201.6 (F¥56+ 0.004+ 0.029 0557+ 0.007+0.012
195.5 0977+ 0.004 09995+ 0.0005
199.5 0968+ 0.005 09995+ 0.0005 DELPHI particle reconstruction algorithms resulted in
201.6 0983+ 0.005 1000+ 0.001 a better performance fory final states for the 1999

data processing compared with that of 1998. However,
there was an increase of the systematic uncertainty in

ciency is known to be near 100%. Two dedicated sam- theyy selection efficiency.
ples of Comptond*y) events, one with a triggered
FEMC photon and another with a triggered HPC pho-
ton, were used to cross-check the track trigger effi-
ciency in the barrel and endcaps. The global efficiency
for triggering events with one converted photon was
confirmed to be above 99% in both regions of the de-
tector, for all data sets, and the resulting uncertainty
was taken into account in the global systematic uncer-
tainty.

The selection efficiency for the two-photon event
sample was evaluated as a function obsv*| using
events fromthe*e™ — yy(y) generator of Berends
and Kleiss [1] passed through the full DELPHI simu-
lation and reconstruction chains [10]. The effect of the
calorimeter requirements on the selection efficiency
obtained from simulation was cross-checked using a
sample ok *e~ events. These events were selected us- o0 — N [pb] @)
ing information coming exclusively from the tracking dat™ reR pol.
detectors. The efficiency was defined as the ratio be- N77 is the number of selected events after background
tween the number of events in the subsample’af- subtraction,Z is the integrated luminosity; is the
final states fulfilling the calorimetric selection and the product of the selection and trigger efficiencies &d
total number of selecteel" e~ events. This efficiency  is a radiative correction factor. The radiative correction
was computed as a function pfoso*| for both real factor was evaluated using the Monte Carlo generator
and simulated Bhabha events. The difference observedof [1]. It was taken as the ratio between thiee™ —
between the efficiency for the data and for the sim- yy(y) cross-section computed up to ordet to the
ulation was taken as a systematic uncertainty in the Born cross-section(@(«?)) and found to be of the

4.2. ete™ — yy cross-section

The retained cosh*| acceptance was divided into
8 bins: the barrel part of the detector, corresponding to
| cosv*| € [0.035,0.731] with 7 bins, (each covering
|A cos9*| = 0.101, except for the last bin, for which
|A cos9*| = 0.09) and the forward region with one
bin, | cos9*| € [0.819,0.906]. The number of events
found in data for each centre-of-mass energy and the
expected contribution from the QED process~ —
yy (y) (corrected for trigger efficiency) are displayed
in Table 3 as a function dfcos/*|.

The Born cross-section for the reactiefie™ —
yy (y) was evaluated through expression (2) for each
centre-of-mass energy value,

ete™ — yy(y) selection efficiency determination. order of 1.07 (1.04) for high (low) photon scattering
The global values for the selection efficiency, both angles.
in the barrel and in the forward region of DELPHI, A combined value of the Born cross-section at an

are displayed in Table 2 along with their statistical average centre-of-mass energy of 193.8 GeV, corre-
and systematic uncertainties. A change in the forward sponding to a total integrated Iuminosity of
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Table 3

Number of events selected from data as a functioncos9*| and number of expected events (in parenthesis) from QED corrected for trigger
efficiency. The uncertainties associated to the QED predictions are statistical only. In the third column the number of events with one converted
photon is given along with the QED simulation prediction. In the fourth column the measured Born differential cross-section is displayed with
statistical and systematic uncertainties

/5, GeV | cosh*| NyLTTre (NQED % ANsta) Ny (NQED) do,,/ds2 [pbistr]

188.6 0.035-0.136 46 (415+1.4) 5 (6.2) 0.65+0.10-+0.05
0.136-0.237 48 (47.9+15) 3 (3.8) 0.6240.09-0.01
0.237-0.338 64 (52.6+1.6) 5 (6.4) 0.8440.11+0.04
0.338-0.439 57 (54.8+1.5) 5 (6.2) 0.8140.11+0.03

0.439-00.540 77 (711418 11 (8.5) 0.9740.11+0.03

0.540-00.641 76 (90.0+2.0) 19 (10.8) 1.01+0.124+0.04

0.641-00.731 108 (1117+2.3) 11 (15.8) 159+ 0.15+ 0.04

0.819-00.906 176 (1703+2.8) 47 (53.4) 4.27+0.32+0.06
Total 652 (6397+5.4) 106 (1111)

191.6 0.035-0.136 6 (6.4+0.3) 2 (0.9) 0.5340.22+ 0.09
0.136-0.237 6 (7.2+0.3) 0 0.7) 0.5240.21+0.05
0.237-0.338 8 (85+0.3) 1 (0.9) 0.6240.22+0.04
0.338-0.439 6 (9.94+0.3) 1 1.1 0.4840.20+ 0.03
0.439-0.540 10 (12.440.4) 1 (1.5) 0.794 0.25+ 0.05
0.540-0.641 14 (1474+0.4) 5 (1.8) 1.09+0.2940.09
0.641-0.731 13 (17.8+0.4) 1 @7 1.17+0.324+0.03
0.819-0.906 27 (31.3+0.6) 8 .7 3.4240.66+ 0.09

Total 90 (1082+1.1) 19 (17.3)

195.5 0.035-0.136 21 (19.3+0.8) 4 (2.5) 0.6140.13+0.03
0.136-0.237 29 (21.5+0.8) 5 2.1 0.80+0.15+ 0.04
0.237-0.338 9 (24.6+0.9) 0 (2.5) 0.2340.08+0.01
0.338-0.439 23 (27.4+0.9) 4 (3.2 0.6440.13+0.02
0.439-0.540 48 (36.6+1.1) 2 (4.4 1.23+0.18+0.03
0.540-0.641 47 (432+£1.2) 6 (5.3) 1.21+0.18+0.06
0.641-0.731 58 (5L7+17) 12 (7.9 1.724+0.2340.04
0.819-0.906 102 (91.0+1.7) 28 (22.6) 4.29+0.42+0.08

Total 337 (3153+3.1) 61 (50.5)

(continued on next paye

375.7 pb1, was obtained through expression (2). The N7 is taken as the total number of selected events
average value of the centre-of-mass energy is obtainedin the five data samples. The average trigger and
weighting the integrated luminosities of the different selection efficiencies were obtained by weighting the
samples by the corresponding! factor. global trigger and selection efficiencies of each data
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Table 3 €ontinued

/5, GeV | coso*| NyLTre (NQED £ ANsta) Ny (NQED) do,,/ds2 [pbistr]
199.5 0.035-0.136 19 (21.240.8) 3 (2.5) 0.5140.12+0.03
0.136-0.237 17 (23040.9) 0 (2.5) 0.4240.10+0.03
0.237-0.338 28 (23740.9) 2 (2.4) 0.7040.13+0.04
0.338-0.439 34 (25040.9) 3 3.7 0.9340.16+0.05
0.439-0.540 39 (35.241.1) 1 (4.5) 0.9140.15+0.03
0.540-0.641 45 (454412 4 (6.3) 1.11+0.16+0.05
0.641-0.731 40 (54.941.4) 9 (6.8) 1.07+0.17+0.03
0.819-0.906 88 (96.0+1.8) 29 (24.4) 3.3740.36+0.09
Total 310 (3243+33) 51 (53.1)
201.6 0.035-0.136 14 (10.740.4) 2 1.2) 0.7240.19-+0.06
0.136-0.237 8 (10.940.4) 0 1.2) 0.4040.14+ 0.04
0.237-0.338 17 (11740.4) 4 1.2) 0.8440.20+ 0.08
0.338-0.439 12 (133405) 1 (1.8) 0.6040.170.03
0.439-0.540 13 (16.640.5) 0 2.1) 0.6340.17+0.03
0.540-0.641 21 (21.740.6) 1 (3.0) 1.06+0.23+ 0.04
0.641-0.731 19 (26.140.6) 4 3.2) 1.05+0.24+0.03
0.819-0.906 43 (45640.9) 15 (11.6) 3.394052+0.10
Total 147 (1566+1.6) 27 (25.3)

set by the corresponding integrated luminosities. The  The total systematic errors were obtained by adding
measured Born cross-section for each of the five in quadrature the uncertainties on the selection effi-
centre-of-mass energies and the combined result areciency, trigger efficiencies, residual background, lu-
compared to the QED predictions in Table 4 and in the Minosity determination and on the radiative correc-
upper right corner of Fig. 2. The? of the measured  tions (amounting ta+0.5%). The systematic uncer-

values for the cross-section for the different centre-of- tainty in the selection efficiency determination is the

mass energies with respect to the QED prediction was domir_uant contribution to the_ systemati_c error; with
5.5 with 5 degrees of freedom. a typical value of+2.5%. This uncertainty reflects

. ' residual differences between the real detector response
The Born cross-section values for the five centre- ) .

of-mass eneraies measured in the reqiod3s and the simulated one. It is due to effects that can-

@+ 0 7??1 ted to th 9 full b< | not be fully described by the detector simulation such
|cos”| < 0. , Were corrected 1o *e ull barrel 55 detector instabilities and edge effects of calorime-
acceptance of DELPHI,.000 < [c0s9™| < 0.742,  or5 The uncertainty in the luminosity determination
and the obtained values are presented in Table 4. Thesgy 45 40 56%. It was obtained by adding in quadra-
are also displayed in Fig. 2 as a function of the centre- e the-+0.5% systematic uncertainty in the luminos-
of-mass energy, along with the previously published jty measurement and the0.25% theoretical error in
results, which include LEP | data collected between the Bhabha cross-section determination [14].
1990 and 1992 [4] and former LEP Il data collected  The ete™ — yy differential Born cross-section
between 1995 and 1997 [5]. was computed as:
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Table 4
Measured Born cross-sections fofe~ — yy (with statistical and systematic uncertainties) at the different centre-of-mass energies, for the
analysis co8* acceptance and for the barrel region(4260* < 138), compared to the corresponding QED predictions. In the last line the

combined results are displayed along with the QED cross-sections at a centre-of-mass energy of 193.8 GeV

Js Analysis acceptance c68 € [—0.742 0.742
[GeV] 0t [PB] oQep [Pb] 0t [PD] oQep [Pb]
188.6 634+ 0.25+0.16 6.27 427+ 0.20+ 0.14 4.28
191.6 509+ 0.54+0.13 6.08 343+0.43+0.11 4.15
195.5 631+0.34+0.13 5.83 4224 0.28+0.09 3.98
199.5 534+ 0.3040.17 5.60 373+ 0.25+ 0.14 3.82
201.6 514+ 0.42+0.16 5.49 3504 0.34+ 0.13 3.74
193.8 589+ 0.15+0.16 5.94 4004 0.12+0.12 4.05
e o 059 o 17 The differential cross-section was computed for
STE 2 DELPHI 0 %% 1s each centre-of-mass energy, taking into account the
“o 16 L ‘ 1, | cosp*| dependence of trigger and selection efficien-
b \‘Te\o\r cies, radiative corrections and their respective uncer-
; TR I tainties. Comparisons between the measured and pre-
12t l Vs(GeV) dicted Born differential cross-sections for each centre-
10 £ of-mass energy are shown in Fig. 3. The deficit of
S i:gg:g? tgg}i yy events for| cosv*| between 0.237 and 0.338 for
6 L#LEPI /s = 1955 GeV was concluded to be a statistical
‘ fluctuation: the trigger efficiency for this region was
YE 4°ep<l138° estimated to be about 98% and the counting of en-
Ty Sy Y Sy Y'Y ergy deposits associated to Bhabha electrons in the
100 120 140 160 180 200 N s .
\]_(G V) same| cosf*| region showed a good agreement with
sS(Ge

Fig. 2. Born cross-section farte™ — ypy in the barrel region
of DELPHI, 42 < 0* < 138, as a function of the centre-of-mass

the simulation expectations.
The differential cross-section extracted from the
combined data sets (corresponding,fGeff = 1938

energy, for 1990-1992 LEP | data (white star), LEP Il data collected GeV), is compared to the QED prediction in Table 5
between 1995 and 1997 (black stars), and for the data collected gn( in Fig. 4. Th@(z of the differential cross-section
during 1998 and 1999 (dots), compared to the QED prediction. The binned distribution at the mean centre-of-mass energy

Born cross-section measured within the analysis acceptance region . L. .
for the real data collected during 1998 and 1999 (dots) and the with respect to the QED prEd'Ct'on was 3.6 with 8

cross-section resulting from the combination of these data sets at an degrees of freedom.
average centre-of-mass energy of 193.8 GeV (square) are compared
to the QED prediction in the upper right plot.

4.3. Deviations from QED

Possible deviations from QED are described in the
context of several models, which express the Born
differential cross-section farte™ — yy as the sum
of the QED term and of a deviation term:

i(&y
de /) -

do0 o9

i i

d2 ~ 27 A cosh;

[pb/str, (3)
Whereal.0 stands for the measured Born cross-section do® @21+ cofe*
in each| cosy;| interval, (i). 42 s 1—co2o*

(4)
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1‘5 £ N 5 L
“§ 4 b Vs = 188.6 GeV DELPHI ‘g DELPHI
= L=151.9 pb" i -
gt P S 40 Vs, =1938GeV L=3757pb"
N . data G ¢
SN2 F <
N X 3[ ¢ data
1F o O
) P I P I I S P < L
01 02 03 04 05 06 07 08 09 5L A,=330 GeV
lcos 01 . )
5 5 M =311 Gev/ick (A=1)
R4 EV5=1916Gev R4 [ V5=1955Gev jas
§'3 FL=25.1pb" §3 FL=76.1pb" F A=320 GeV
S f S F P S RN AR ST RN SR R AT AP |
Sg2 | o S 2 - 0=07 02 03 04 05 06 07 08 09
E *
S0 Sk lcos O |
I B B A B i BRI BT
0 02 04 06 08, 0 02 04 06 08, Fig. 4. Born differential cross-section obtained by combining all
lcos © | lcos ©'| data sets at an effective centre-of-mass energy of 193.8 GeV (dots),
=3 =5 compared to the QED theoretical distribution (full line). The dotted
L 4 EVs=1995Gev L 4 EVs=2016Gev lines represent the allowed 95% C.L. deviations from the QED
1‘5: E ¥ ‘\‘5: F ¥ differential cross-section, which correspond to 95% C.L. lower
a3 pl=86pb o 3 pl=dolpd limits on A4 and A_ of 330 GeV and 320 GeV, respectively, to
03 5 E - data ;{5 5 E - data a 311 GeVc? 95% C.L. lower limit on the excited electron mass
Lk Lk (for &, = 1), and to 95% C.L. lower limits on the string mass scale
TE + 1E + of 713 GeVe2 (for A = 1) and 691 GeYc? (for i = —1).
G Lo v b v b w1 o b b v w1y
00204 06 038, 00204 06 0.8,
lcos 0 lcos 81 Among the models predicting deviations from QED

are those described in Table 6. The most general
parameterization consists of introducing a cut-off
parameter in the electron propagatory),(reflecting

the energy scale up to which thg interaction can be
described as point-like [15,16].

Deviations from QED could also follow from the
Table 5 . . . . t-channel exchange of an excited electron, which, in
Measured and predicted Born differential cross-section (the mea- . . . .

composite models [17], is parameterized as a function

sured cross-section uncertainties are statistical and systematic) for 2 - A
the QED processte — yy at a mean centre-of-mass energy Of A, /MZ (the ratio between the coupling of the

of 193.8 GeV obtained by combining the data sets corresponding to excited electron to the photon and to the electron and
centre-of-mass energies of 189.6 GeV, 191.6 GeV, 195.5 GeV, 199.5 the excited electron mass) and of a kinematic factor,

Fig. 3. Differential Born cross-section distributions obtained for the
five centre-of-mass energies compared to the corresponding QED
theoretical predictions.

GeV and 201.6 GeV H(C0§ 0%),
| cOsO*| do$_/ds2 [pbistr] b 0/ds2 [pbistr]

dat QED H(co26") 2M% ([ 2MZ L1- cog h*
0.035-0.136 ®1+0.06+0.04 0.56 - B 1+ co20*
0.136-0.237 8+ 0.06+0.03 0.59 5. 2

2M?,
0.237-0.338 7+ 0.06+0.03 0.65 /[(1+ L ) — co§0*] (5)
N
0.338-0.439 5+ 0.07+0.03 0.75 o
Deviations from the QEDete™ — yy cross-
0.439-0.540 ®6+0.07+0.03 0.90 : : )
section due to s-channel exchange of virtual gravitons

0.540-0.641 D8+0.08+£0.04 114 were also probed. These can be parameterized as a
0.641-0.731 #1+0.09+0.03 1.53 function ofA/Ms“, whereM; is the string mass scale,

which in some string models could be of the order of

0.819-0.906 30+ 0.19+0.08 3.76 4
the electroweak scale [18,19].is a parameter enter-
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Table 6

Parameterization for each model predicting a deviation from QED, chosen estigatmutput of the likelihood function maximization for the
results of the present analysis and for their combination with those previously published [4], resulting in 95% C.L. lower limits on each model
parameter. Both in the case of the excited electron and of the string mass scale, the values gigenréspond to setting, and|x| to 1

Cut-off Composite LowMg

(§)P “—;5(1+c0520*)-§ “—;S(1+00529*)H(c0§9*)~§ L (14 coS0%) - & + O(E?)
£ +1/44 (hy /M%)? A ME

+o4 0.547 —10 0.679 —10 0.251 —11
70" (1998-1999) (0.03473247) 10 (0.04873819) 10 (0.01573333)10

+o4 +0.515 —10 0.654 —10 0.236 —11
70" (1990-1999) (~013173359)10 (01763 858)10 (~0.060"3236)10
95% C.L. Ay [GeV] A_ [GeV] M+ [GeV/c?] M; [GeV/c?] M; [GeV/c?]
lower limits Ay=1 A=+1 A=-1

330 320 311 713 691

ing quantum gravity models, conventionally taken to 5. Summary
be +1. The ratio)»/Ms4 follows the notation of [20]
and is related to the quantum gravity scaley, in

Ref. [18] via: ) ) _

The reactionete™ — yy(y) was studied using
Al 7 1 (GeV4] (©) the LEP 1998 and 1999 high energy data, collected
M} 2 A% ' with the DELPHI detector at centre-of-mass energies

o of 188.6 GeV, 191.6 GeV, 195.5 GeV, 199.5 GeV
The 95% C.L. limits were extracted for the free pa- znd201.6 GeV, corresponding to integrated luminosi-
rameters in these models. This was achieved using ajjeg of 151.9 pbl, 25.1 pbl, 76.1 pbrl, 82.6 pbl

binned maximum likelihood function, by renormal- 54 40.1 pb1, respectively. The differential and to-
izing the joint probability to the physical region of tal cross-sections for the processe™ — yy were

each _para_meter according to th(_e Bayesian ap_pro_aChmeasured. Good agreement between the data and the
e T 055 sckon PSreleV 22107 QED preciction for this process s found. Lover
and the results of the likelihood function maximiza- limits on 'p(.)ssmle deviations from.QED werg derived
tion are displayed in Table 6 along with the 95% C.L. b.y combmm'g the present analysis result with a.pre-
lower limits on each model parametet, M* and ylously published one [5]. The 95% C.L. lower lim-

its on the QED cut-off parameters df, > 330 GeV

M;. The changes in the differential cross-section re- i
and A_ > 320 GeV were obtained. In the framework

sulting from the range of fitted parameters are indi- X . e
cated by the dotted lines in Fig. 4. The final results ©f composite models, a 95% C.L. lower limit for the

presented in Table 6 and in Fig. 4 were obtained by Mass of an excited electroff,- > 311 GeV/c?, was
combining the results of the present analysis with re- obtained considering an effective coupling value of 1
sults published previously [5]. The latter are based for 1,,. The possible contribution of virtual gravitons
on LEP | data taken between 1990 and 1992, and on to the procesg*e™ — yy was probed, resulting in
LEP Il data collected between 1995 and 1997. Their 95% C.L. lower limits in the string mass scale of
centre-of-mass energies range from 91.2 GeV up to Ms > 713 GeV/c? and Ms > 691 GeV/c? for » =1
182.7 GeV, corresponding to an integrated luminosity andi = —1, respectively (wherg is aO(1) parame-
of115.1 pb1. ter of quantum gravity models).
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