UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Tests of QED at LEP energies using \(e +§e"{-}\rightarrow \gamma\gamma
(\gamma)\) and \(eM+}eM-Nrightarrow \IN+}I*{-\gamma\gamma\)

M. Acciarri (et al), M.; Bobbink, G.J.; Bouwens, B.; Duinker, P.; Erné, F.C.; Koffeman, E.N.;
Linde, F.L.; Massaro, G.G.G.; van der Zwaan, B.; Buytenhuijs, A.; de Boeck, H.; van Hoek,
W.C.; Kittel, W.; Koenig, A.; Kuijten, H.; Metzger, W.J.; van Mil, A.J.W.; Raven, H.G.; van
Rossum, W.; Schotanus, D.J.; Syed, A.A.; van de Walle, R.T.; ljzerman, M.P.

DOI
10.1016/0370-2693(95)00527-R

Publication date
1995

Published in
Physics Letters B

Link to publication

Citation for published version (APA):

M. Acciarri (et al), M., Bobbink, G. J., Bouwens, B., Duinker, P., Emné, F. C., Koffeman, E. N.,
Linde, F. L., Massaro, G. G. G., van der Zwaan, B., Buytenhuijs, A., de Boeck, H., van Hoek,
W. C., Kittel, W., Koenig, A., Kuijten, H., Metzger, W. J., van Mil, A. J. W., Raven, H. G., van
Rossum, W., ... lizerman, M. P. (1995). Tests of QED at LEP energies using \(e+}e’{-
HNrightarrow \gamma\gamma (\gamma)\) and \(e*{+}e”-Nrightarrow \I"{+}I1*{-
Ngamma\gamma\). Physics Letters B, 353, 136. https://doi.org/10.1016/0370-2693(95)00527-
R

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter

d-ireryQf $beitinineisstyptmsteydams Sewelgiiah sivaahAdBis1kz WE Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:16 Dec 2025


https://doi.org/10.1016/0370-2693(95)00527-R
https://dare.uva.nl/personal/pure/en/publications/tests-of-qed-at-lep-energies-using-eerightarrow-gammagamma-gamma-and-eerightarrow-llgammagamma(5d2a0755-3607-4897-8c20-501c85e05833).html
https://doi.org/10.1016/0370-2693(95)00527-R
https://doi.org/10.1016/0370-2693(95)00527-R

[;!H 22 June 1995

PHYSICS LETTERSB

¥l

ELSEVIER Physics Letters B 353 (1995) 136—144

Tests of QED at LEP energies using e"e~ — yy(y) and
ete™ — LTl yy
L3 Collaboration

M. Acciarri?, A. Adam *, O. Adriani?, M. Aguilar-Benitez?, S. Ahlen’, B. Alpat %,
J. Alcaraz?, J. Allaby 9, A. Aloisio b G, Alversonk M.G. Alviggi®, b G. Ambrosi %2 Q.An’,

H. Anderhub & V.P. Andreev® Angelescu D. Antreasyan®, A. Arefiev®, T. Azemoon®,

T. Aziz', P.V.K.S. Baba’, P. Bagnala a9, L. Baksay ®, R.C. Ball®, S. Baner_]ee , K. Banicz aq,
R. Bariliere 9, L. Barone ¥, P. Bartalini ®, A. Baschirotto %, M. Basile ®, R. Battiston %, A. Bay”,
F. Becattini?, U. Becker°, F. Behner* GyL Bencze ™, J. Berdugo?, P. Berges °, B. Bertuccid,

B.L. Betev®, M. Biasini *, A. Biland *, G.M. Bilei ®¢, R. Bizzarri ¥, J.J. Blaising 9,
GJ. Bobblnkb R. Bock?, A Bohm?, B Borgia®¥, A. Boucham ¢, D Bourllkov at

A D o o
€ns -, E. DIdlIlDllld N 1.G. Branson "V, V. Dnggc c,

M. Bourquin®, D. Boutlgry B. Bou
I.C. Brock®, A. Bujak ®, J.D. Burger®, W.J. BurgelrS C. Burgos?, J. Busenitz **,
Pa PRI T B RS TR LI | h

cicrtmnlectioad wATY MLt T AL M 110 PN PPN ax
ﬂ Du_yLCIIIIUIJb s AL Ldl T, vl Lapell -, U L,cua l\UlllCU , IVL. Ldlld =, . Ldlllfo”

A.M. Cartacci?, J. Casausy G. Castellini?, R. Castello?, N. Cavallo b , C. Cecchi ¥,

e 8V YT M. AV TT L7 (L s wcax 7y

AA N 1V ey Al RA M o o A
ivl, Lollaud”, f‘ \./de.lU.lu A lVl blld.lulLU‘ A, Llall -, 1.0l L/lldllg s U\, \,ucuux VUUI N

M. Chemarin*, A. Chen av ,C. Chenf, G. Chenf, G.M. Chenf, H.F. Chent H.S. Chenf,

AA Man O Y L.,.c.._._ab rwxr € ANAT ML 280 T n_c,...ﬂn‘h T rCad-1-h oo
v, il 7, U, uniCrari v, . X, Unilii v, Vil L. Uil T, L. Uilaréili Y, r, iinaoio T, C. \_,1v11111u‘

I. Clare®, R. Clare °, T.E. Coan"¥, H.O. Cohn #, G. C01gnetd, N. Colino 4, V. Commichau ?,

[ QRN o PRPN S . aj T MNatavalns I B A~1, ﬂ«“.—. y W' haal VWV Maar rl" Q Ta: O
2. LUudlaliulll =, 1. Lutulvvodl , D, Uv id LUlus Al.dl. LUl , AL, UL , 1D, VAl
R. D’ Alessandro?, R. de Asmundis , H. De Boeck ad . A. Degré ¢, K. Deiters ™, E. Dénes ™,

D MNan nal ‘l:' NaNantarig Fn..“al 1)) h1D1+nn+nap LY ) niamnna_l O Dianict 8 1\/[ Nittmarat
r. LKC . ‘( taristet s L7 L/ADIOII0 7, VL, L/IVINUZ 7y O 101101 7, LVLL Liidiial

A. Dominguez ¥, A. Dorla"lb I. Dorne ¢ MT Dova®™*, E. Drago®, D. Duchesneau 9,
nfmmmlmae H. El Mammm.x A. Englerah,

D n11'n]rn1‘b T n'I'IY' ‘I‘\ aIn Q n‘ 11 01 Q nf)(‘f\ ag &‘1
L. A7 ¢ 8 . 9 W uiia 9 Mo LaCLD! AU, Lalwviliviing s AL AL AVICUIIVULIL 9 473 Biligpivd

F.J. Eppling °, F.C. Emé®, I.P. Emnenwein*, P. Extermann ®, R. Fabbretti*, M. Fabre *

arcinid € FRaleciano aJ A. Favara P I ];‘.;“,X M Faleini at 'T‘ Ferougon ah D. Fprnanﬂ 7Y
A AsL111d » e A Alvidliv L3, A CAYULLOL AV¥VAs A WwiNs/illLX UUV A i VLLLMJ.AU\./ Pl

ernandez?, F. FCI‘I‘OIlla esefeldta E Fiandrini “‘g , J.H. Flelds F Filthaut 2,
ic er®, G. Forconi®, L. Fre dj S K. Freudenreich at M. ﬂmﬂnnd V. Yu. Galaktionov 2,

DaiwL a4 VrwSsiza A% L iUV VAV UL ISR LULY LY

Ganguh P. Garc1a AbiaV, S.S. Gauk, S. Gentlle 3_J. Gerald®, N Gheordanescu’,
ud, S. Goldfarb", J. GoldsteinJ, Z.F. Gong', E. Gnn7ale7y A, Gouga<° D. Gomon ,

"Ij

. Gratta af MLW. Gruenewaldg, C. Gu", M. Guanz1r011 VK. Gupta®, A. Gurtu!,

0370-2693/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDI 0370-2693(95)00527-7



L3 Collaboration / Physics Letters B 353 (1995) 136—144 137

H.R. Gustafson®, L.J. Gutay 2, B. Hartmann?, A. Hasan®, J.T. Hef, T. Hebbeker®, A. Hervé 9,
K. Hilgers?, W.C. van Hoek ad H. Hofer®, H. Hoorani®, S.R. Hou®, G. Hu', M.M. Ilyas™,
V. Innocente 9, H. Janssen 9, B.N. Jinf, L.W. Jones®, P. de Jong°, I. Josa-Mutuberria?,

A. Kasser¥, R.A. Khan', Yu. Kamyshkov *, P. Kapinos *, J.S. Kapustinsky ¥, Y. Karyotakis ¢,
M. Kaur’, S. Khokhar’, M.N. Kienzle-Focacci®, D. Kim¢, J. K. Kim, S.C. Kim ®,
Y.G. Kim*, W.W. Kinnison ¥, A. Kirkby ¥, D. Kirkby ¥, J. Kirkby 9, S. Kirsch®, W. Kittel 24,
A. Klimentov **, A.C. Konig®, E. Koffeman®, O. Kornadt?, V. Koutsenko 22,

A. Koulbardis %, R.W. Kraemer?, T. Kramer°, W. Krenz?, H. Kuijten ad A, Kunin %2,

P. Ladron de Guevara”, G. Landi?, C. Lapoint °, K. Lassila-Perini *, P. Laurikainen ®,

M. Lebeau 9, A. Lebedev®, P. Lebrun*, P. Lecomte ®, J. Lecoq ¢, P. Lecoq 9, P. Le Coultre *,
J.S.Lee*,K.Y. Lee ™, C. Leggett ¢, JM. Le Goff9, R. Leiste *, M. Lenti?, E. Leonardi ¥,
P. Levtchenko®, C. Li*", E. Lieb®, W.T. Lin®, EL. Linde®, B. Lindemann ?, L. Lista®,
Y.Liu", Z.A. Liuf, W. Lohmann®, E. Longo ¥, W. Lu®, Y.S. Luf, K. Liibelsmeyer?, C. Luci ¥,
D. Luckey °, L. Ludovici ¥, L. Luminari ¥, W. Lustermann , W.G. Ma'®, A. Macchiolo?,
M. Maity !, L. Malgeri %, R. Malik*, A. Malinin®, C. Mafia, S. Mangla, M. Maolinbay ¥,
P. Marchesini ®, A. Marini, J.P. Martin*, F. Marzano ¥, G.G.G. Massaro ®, K. Mazumdar!,
D. McNally 9, S. Mele ®*, M. Merk @, L. Merola®, M. Meschini ?, W.J. Metzger 4, Y. Mi ",
A. Mihul ¢, A.JW. van Mil®, Y. Mir*, G. Mirabelli ¥, J. Mnich 9, M. Méller?, V. Monaco ¥,
B. Monteleoni?, R. Moore ¢, R. Morand ¢, S. Morganti ¥, N.E. Moulai*, R. Mount *,

S. Miiller?, E. Nagy ™, S. Nahn °, M. Napolitano ®, F. Nessi-Tedaldi ®, H. Newman ,
M.A. Niaz", A. Nippe?, H. Nowak *, G. Organtini 3 R. Ostonen", D. Pandoulas 2,

S. Paoletti ¥, P. Paolucci ®, G. Pascale ¥, G. PassalevaP, S. Patricelli®®, T, Paul %,

M. Pauluzzi®¢, C. Paus?, F. Pauss #, Y.J. Pei?, S. Pensotti ?, D. Perret-Gallix ¢, A. Pevsner®,
D. Piccolo®, M. Pieri?, J.C. Pinto ®, P.A. Piroué®, E. Pistolesi®?, V. Plyaskin ®, M. Pohl*,
V. Pojidaev **P, H. Postema °, N. Produit®, K.N. Qureshi’, R. Raghavan i, G. Rahal-Callot ¥,
P.G. RancoitaZ?, M. Rattaggi?, G. Raven®, P. Razis *, K. Read *, M. Redaelli %, D. Ren?,
Z.Ren*, M. Rescigno ¥, S. Reucroft¥, A. Ricker?, S. Riemann ®, B.C. Riemers *, K. Riles®,
O.Rind ¢, H.A. Rizvi", S. Ro®, A. Robohm®, J. Rodin°, E.J. Rodriguez?, B.P. Roe®,

M. Rohner?, S. Rohner?, L. Romero?, S. Rosier-Lees ¢, Ph. Rosselet ¥, W. van Rossum ®,
S. Roth?, J.A. Rubio 9, H. Rykaczewski®, J. Saliciod, J.M. Salicio?, E. Sanchez?,

A. Santocchia®¢, MLE. Sarakinos", S. Sarkar?, G. Sartorelli*, M. Sassowsky 2, G. Sauvage 9,
C. Schifer?, V. Schegelsky ?, D. Schmitz?, P. Schmitz?, M. Schneegans 9, B. Schoeneich*,
N. Scholz*, H. Schopper®, D.J. Schotanus ®, R. Schulte ?, K. Schultze?, J. Schwenke 2,
G. Schwering?, C. Sciacca®, R. Sehgal’, P.G. Seiler®, J.C. Sens®, L. Servoli %,

S. Shevchenko®, N. Shivarov®, V. Shoutko®, J. Shukla¥, E. Shumilov ®, D. Son 2,

A. Sopczak 9, V. Soulimov ab B Smith°, T. Spickermann?, P. Spillantini ?, M. Steuer °,
D.P. Stickland ®, F. Sticozzi °, H. Stone ®, B. Stoyanov ®, K. Strauch®, K. Sudhakar?,

G. Sultanov’, L.Z. Sun®f, G.F. Susinno®, H. Suter®, J.D. Swain*, A.A. Syed 2, X.W. Tang £,
L. Taylor¥, R. Timellini ", Samuel C.C. Ting°, S.M. Ting °, O. Toker 26, M. Tonutti 2,

S.C. Tonwar!, J. T6th™, A. Tsaregorodtsev %, G. Tsipolitis 2", C. Tully ®, H. Tuchscherer 2,



L3 Collaboration / Physics Letters B 353 (1995) 136144

J. Ulbricht®, L. Urban™, U. Uwer?, E. Valente ¥, R.T. Van de Walle 2, 1. Vetlitsky ®,
G. Viertel ®, P. Vikas®, U. Vikas®, M. Vivargent¢, R. Voelkert®, H. Vogel ah H. Vogt®,
L Vorobiev®, A.A. Vorobyov®, An.A. Vorobyov , L. Vuilleumier ¥, M. Wadhwa?,

W. Wallraff?, J.C. Wang°, X.L. Wang !, Y.F. Wang°, Z.M. Wang ™!, A. Weber?, R. Weill ",
C. WillmottY, E. Wittgenstein9, S.X. Wu*, S. Wynhoff?, J. Xu/, Z.Z. Xu', B.Z. Yang®,
C.G. Yang{, G. Yang”, X.Y. Yaof, CH. Ye’, J.B. Ye!, Q. Ye*, S.C. Yeh®, J.M. You™,

N. Yunus®, M. Yzerman®, C. Zaccardelli ™, An. Zalite ®, P. Zemp®, J.Y. Zeng f, M. Zeng ",

Y. Zeng?, Z. Zhang f ZP. Zhang*, B. Zhou!, G.J. Zhou f JE. Zhou?, Y. Zhou®, G.Y. Zhu'!,

R.Y. Zhu*, A. Zichichi»4*, B.C.C. van der Zwaan®

2 I. Physikalisches Institut, RWTH, D-52056 Aachen, FRG}
III. Physikalisches Institut, RWTH, D-52056 Aachen, FRG!
b National Institute for High Energy Physics, NIKHEF, NL-1009 DB Amsterdam, The Netherlands
¢ University of Michigan, Ann Arbor, MI 48109, USA
& Laboratoire d’Annecy-le-Vieux de Physique des Particules, LAPPIN2P3-CNRS, BP 110, F-74941 Annecy-le-Vieux CEDEX, France
¢ Johns Hopkins University, Baltimore, MD 21218, USA
{ Institute of High Energy Physics, IHEF, 100039 Beijing, China
£ Humboldt University, D-10099 Berlin, FRG!
Y INFN-Sezione di Bologna, I1-40126 Bologna, Italy
i Tata Institute of Fundamental Research, Bombay 400 005, India
i Boston University, Boston, MA 02215, USA
X Northeastern University, Boston, MA 02115, USA
¢ Institute of Atomic Physics and University of Bucharest, R-76900 Bucharest, Romania
" Central Research Institute for Physics of the Hungarian Academy of Sciences, H-1525 Budapest 114, Hungary?
% Harvard University, Cambridge, MA 02139, USA
° Massachusetts Institute of Technology, Cambridge, MA 02139, USA
P INFN Sezione di Firenze and University of Florence, I-50125 Florence, Italy
9 European Laboratory for Particle Physics, CERN, CH-1211 Geneva 23, Switzerland
* World Laboratory, FBLJIA Project, CH-1211 Geneva 23, Switzerland
S University of Geneva, CH-1211 Geneva 4, Switzerland
U Chinese University of Science and Technology, USTC, Hefei, Anhui 230 029, China
v SEFT, Research Institute for High Energy Physics, P.O. Box 9, SF-00014 Helsinki, Finland
vV University of Lausanne, CH-1015 Lausanne, Switzerland
¥ Los Alamos National Laboratory, Los Alamos, NM 87544, USA
% stitut de Physique Nucléaire de Lyon, IN2P3-CNRS,Université Claude Bernard, F-69622 Villeurbanne Cedex, France
Y Centro de Investigaciones Energeticas, Medioambientales y Tecnologicas, CIEMAT, E-28040 Madrid, Spain?
z INFN-Sezione di Milano, 1-20133 Milan, italy
. Jnstitute of Theoretical and Experimental Physics, ITEF, Moscow, Russia
b INFN-Sezione di Napoli and University of Naples, 1-80125 Naples, ltaly
a Department of Natural Sciences, University of Cyprus, Nicosia, Cyprus
ad University of Nymegen and NIKHEF, NL-6525 ED Nymegen, The Netherlands
2 Oqk Ridge National Laboratory, Oak Ridge, TN 37831, USA
* California Institute of Technology, Pasadena, CA 91125, USA
a2 INFN-Sezione di Perugia and Universitd Degli Studi di Perugia, 1-06100 Perugia, Italy
& Carnegie Mellon University, Pittsburgh, PA 15213, USA
4 Princeton University, Princeton, NI 08544, USA
& INEN-Sezione di Roma and University of Rome, “La Sapienza”, [-00185 Rome, ltaly
2 Nyclear Physics Institute, St. Petersburg, Russia
3 University of California, San Diego, CA 92093, USA
am Dept de Fisica de Particulas Elementales, Univ. de Santiago, E-15706 Santiage de Compostela, Spain
. Bulearian Academy of Sciences, Central Laboratory of Mechatronics and Instrumentation, BU-1113 Sofia, Bulgaria
20 Center for High Energy Physics, Korea Advanced Inst. of Sciences and Technology, 305-701 Tagjon, South Korea
% University of Alabama, Tuscaloosa, AL 35486, USA
a0 Purdue University, West Lafayette, IN 47907, USA

138



L3 Collaboration / Physics Letters B 353 (1995) 136—144 139

2 Paul Scherrer Institut, PSI, CH-5232 Villigen, Switzerland
& DESY-Institut fiir Hochenergiephysik, D-15738 Zeuthen, FRG
® Eidgendssische Technische Hochschule, ETH Ziirich, CH-8093 Ziirich, Switzerland
W University of Hamburg, D-22761 Hamburg, FRG
3 High Energy Physics Group, Taiwan, ROC

Received 30 March 1995
Editor: K. Winter

Abstract

Total and differential cross sections for the process e*e™ — yy(7y), and the total cross section for the process ete”™ —
yvY, are measured at energies around 91 GeV using the data collected with the L3 detector from 1991 to 1993. We set
lower limits, at 95% CL, on a contact interaction energy scale parameter A > 602 GeV, on the mass of an excited electron
mex >146 GeV and on the QED cut-off parameters A > 149 GeV and A_ > 143 GeV. Upper limits are also set on the
branching fractions of Z decaying into yy, 7°y and 7y of 5.2 x 1077, 5.2 x 107° and 7.6 x 1073 respectively. The reactions
ete™ — €78 ny (£=e,u,T) are studied using the data collected from 1990 to 1994. The data are consistent with the QED

expectations.

1. Introduction

The reaction e*e™ — yy(y)> is an ideal process
to test QED at the Z resonance. The present statistics
enables us to compare the data with the QED predic-
tion up to O(a?). The degree of agreement between
QED and the data can be used to constrain different
models with QED breakdown effects.

The forbidden decay Z— 7Yy and the rare decays
Z— 7°y and Z— ny[1] would have the same ex-
perimental signatures as the process ete™ — yy. The
measurement of the total cross section as a function
of center of mass energy, /s, can be used to set limits
on these processes.

Similar analyses have been carried out earlier at
LEP [2]. Since our previous publication on this sub-
ject, the integrated luminosity has increased by about
a factor of five. The higher statistics enables us to
test QED and to set improved limits on the various

! Supported by the German Bundesministerium fiir Bildung, Wis-
senschaft, Forschung und Technologie.

2 Supported by the Hungarian OTKA fund under contract number
2970.

3 Supported also by the Comisién Interministerial de Ciencia y
Technologia.

4 Also supported by CONICET and Universidad Nacional de La
Plata, CC 67, 1900 La Plata, Argentina.

5 The photon within parentheses indicates the possible presence
of a third photon.

scale parameters. The total cross section for the pro-
cess eTe™ — yyy is also measured for the case where
the photons are well separated [3]. New limits on the
branching fraction for the Z decays with photonic fi-
nal states are obtained.

Compared to our previous publication [4] on the
analysis of the reactions e*e™ — £+£~ny, an increase
of integrated luminosity by about a factor of four en-
ables us to test QED via these processes and to clarify
the open question about the origin of the four events
with high yy invariant mass. These reactions have also
been investigated by other LEP experiments [5].

2. The L3 detector

The L3 detector is described in detail in Ref. [6].
The main components of the detector relevant to the
analysis are a central tracking chamber, a Z-chamber,
forward-backward tracking chambers, a high resolu-
tion electromagnetic calorimeter (ECAL) composed
of bismuth germanium oxide (BGQO) crystals with a
barrel region (42° < 6 < 138°) and two endcaps
(11° < 6 < 37° and 143° < @ < 169°), a ring of
scintillation counters, a sampling hadron calorimeter
with uranium absorbers and proportional wire cham-
ber readout, and a high precision muon spectrome-
ter. Forward BGO arrays on either side of the detec-
tor measure the luminosity by detecting small-angle
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Bhabha events. All subdetectors are located in a 12
m diameter magnet which provides a uniform field of
0.5 T along the beam direction. The energy and angu-
lar resolution for electrons and photons with energies
above 1 GeV are better than 2% and 0.5°, respectively.

3. Event selection

In order to select events with two or more elec-
tromagnetic showers with polar angles in the range
14° < 8 < 166°, the following cuts are applied:

(1) the number of showers with energy above 2.0
GeV in the ECAL must be at least 2 and less
than 8;

(2) the total energy deposited in the ECAL must be
higher than 0.7./5;

(3) the shower profiles must be consistent with that
of an electron or a photon;

(4) the acollinearity angle between the two most en-
ergetic showers is required to be less than 40°.

After these cuts the sample contains mostly Bhabha
events and eTe~ — yy(y) events. The Bhabha events
are rejected if:

(5) thereisatrack in the central tracking chamber, or
there are hits in the forward-backward tracking
chambers associated with either of the two most
energetic showers in the ECAL.

In total, 1882 e*e™ — yy(y) events are selected in
the data taking period from 1991 to 1993 correspond-
ing to an integrated luminosity of 64.6 pb~! in the
center of mass energy range 88.5-93.7 GeV. Using the
Bhabha data sample to estimate the tracking chamber
veto efficiency for charged particles, the contamina-
tion from Bhabha events is estimated to be less than
0.5%.

To select e*e™ — yyy events where all three pho-
tons are hard and well separated, the following two
cuts are applied in addition to cuts 1, 2, 3 and 5:

(6) there must be at least three showers in the ECAL
separated from each other by at least 15° and the
energy of the third most energetic shower must
be greater than 5 GeV;

(7) the sum of the angles in space between the three
showers has to exceed 350°.

A total of 52 ete™ — yyvy events are selected in the
data sample.

The selection criteria for ete™ — £ ny (n =1
or 2) events are the same as in our previous publica-
tion [4]. Briefly they are as follows: electrons are se-
lected within the fiducial region defined by | cos 8] <
0.74 and with energies above 3.0 GeV; muons are se-
lected using the muon spectrometer with a minimum
momentum requirement of 3.0 GeV; taus are identi-
fied within | cos 8| < 0.74 via their distinctive one and
three-prong decays; photons are required to be within
|cosf} < 0.9 and to have energies above 1.0 GeV;
their isolation angles from the electrons, muons or taus
should be greater than 8°, 5° and 15° respectively. A
total of 689 ete™ — £t/ vy events are selected in
the data taking period from 1990 to 1994, correspond-
ing to an integrated luminosity of 114 pb~!.

4. ete™ — yy(y) results

In order to measure the total and differential cross
sections for the reaction ete™ — yy(y), a QED
Monte Carlo generator [7] is used to calculate the
selection efficiency. This generator includes soft and
hard bremsstrahlung, and virtual photon corrections
up to O(a?). The generated events are passed through
the L3 simulation and reconstruction programs. The
QED event selection efficiency is (89 +1) % in the re-
gion |cos 8| < 0.71, (70 £ 1) % in the region (.82 <
|cos 8] < 0.94 and (15 £ 2)% in the region 0.94 <
|cos 8] < 0.97. The trigger efficiency is estimated to
be 99.7%.

Figs. 1a, 1b and 1c show comparisons of the photon
energy spectra between the data and the Monte Carlo
(normalized to the integrated luminosity) after cuts
1-5. Fig. 1d shows the comparison of the acollinearity
angle, Z, distribution of the two most energetic pho-
tons with the same cuts applied. Good agreement is
observed between the data and the Monte Carlo. The
total cross sections for ete™ — yy(y) measured at
each 4/s point are shown in Fig. 2a. The cross section
at 4/s = 91.2 GeV is 55.3%1.5 pb. The measurement
of the total cross section for ete™ — yyy is shown in
Fig. 2b for the three energies with highest luminosity.
Table 1 lists the measured and radiatively corrected
ete™ — yy(y) differential cross sections and the
number of events per angular bin. | cos @] is defined as
the average of | cos 81| and | cos 8;| with 8; and 8, as
the polar angles of the first and second most energetic
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and the QED predictions of the normalized photon energy spectra
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Fig. 2. Comparison of the total cross sections between the data
and the QED prediction as a function of center of mass energy.
In (a) upper limits (UL), at 95% CL, on the rare and forbidden
processes are also shown.

Table 1

Number of observed events and differential cross sections for the
process ete™ — yy(y) as a function of |cos#). The errors are
statistical only

|cos6|  Nyy(y) (smes) (pbfsr) (F522) (pb/sr)
(1991-1993) (1991-1993)
0.027 37 1.8 103 1.76
0.082 47 23403 2.29
0.135 58 28104 2.68
0.190 51 25+03 2.98
0.244 61 34 +04 3.21
0.299 61 33404 343
0.353 71 39405 3.64
0.408 64 35404 3.89
0.463 87 44 405 4.20
0.517 88 44 £+ 05 4.61
0572 107 54405 5.17
0.627 132 6.7 406 5.95
0.681 122 6.6 + 06 7.07
0.844 222 i15.7 1.0 16.01
0.890 300 232413 23.89
0926 268 405 4+ 25 37.58
0.958 106 740 4 7.2 68.68

showers respectively. The off-peak data are scaled to
the peak energy, /s= 91.2 GeV, because the angu-
lar distribution for the differential cross section is en-
ergy independent and they have small small statistics.
The systematic error is estimated to be 2.7%, mainly

SR Sy SICRUAUL SV S RAANRAC W UV £ s JIAA2LILY

originating from the detector efficiency calculation. A
graphical representation of the differential cross sec-
tions given in Table 1 together with the QED Born
level (lowest order) prediction is shown in Fig. 3a.
Fig. 3b shows the same cross sections normalized to
the Born level prediction. The comparison of the data
with the QED radiatively corrected expectation leads

toa x> =9 for 17 degrees of freedom. This shows that
the measured differential cross section agrees with the
QED prediction including radiative corrections up to

'0(a?).

AT

The agreement between the data and the QED pre-
dictions can be used to constrain various models with
deviation from QED predictions. A possible deviation
from QED may arise from the effective interactions
with non-standard eTe~y couplings and e*e™ yy con-
tact terms [8]. We will refer to this as the “contact
interaction assumption”. Another possibility would be

tha avictanca of an aveitad alactraon a* with mace m
0C SXI1SIeNCe O an CXCLieG S1eCiron, €7, Wil Inass Me«.

H such an electron exists, it could couple to an elec-
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Fig. 3. (a) shows the comparison of measured differential cross
sections with the QED predictions for the process ete™ — yy(y)
as a function of |cos 8|. (b) shows the same cross sections nor-
malized to the QED Boin level prediction.

tron and a photon via a magnetic interaction and re-
place the virtual electron in the QED process [9,10].
A convenient and simple way of quantifying QED de-
viations is the introduction of QED cut-off parameters,
Ay and A_ [10].

For the above cases, it is possible to express the
differential cross sections in a form similar to the
known QED differential cross section (do/dQ) QED
by adding a deviation term, Spew:

(do/dQ) = (do/dQ) ggp (1 + Snew) (1)

For the contact interaction assumption we use Opew =
s2/(2a) (1/A*+1/A4) (1 — cos? 8}, which is the
most stringent case [8], with A and A as energy scale
parameters. For the excited electron assumption, the
deviation can be written in terms of the QED cut-off
parameters as Spew = £52/2 (1/A%) (1 —cos?6).
In the s/m2. < 1 limit, the excited electron mass can
be written as m2. = A - A2, where A is a coupling
constant. The full expression for m.~ can be found in
Ref. [10].

In Eq. (1) the cross section for the contact interac-
tion or for the excited electron is calculated at the Born
level. To estimate the deviation from QED, we replace

the QED Born level cross section with the QED cross
section corrected for radiative effects up to O(a?):

(do/dQ) = (do/d2)3E (1+ Suew) -

To set lower limits on the parameters in Spey, the
unbinned and the optimized binning maximum likeli-
hood methods [11] are used. As both methods give
very similar results, only the unbinned method is de-
scribed here. The likelihood function is chosen as

1 - No s—N €0 A 2
~L(Ap)= — exp( (Nob zatzh ( p)))
Nobs
x [[ PO Ap) (2)

i=1

where A, stands for the parameter A, mex or Ay ;
Nobs is the total number of observed events; Nieo (Ap)
is the total number of expected events and P(6;; Ap)
is the event probability density. The term before the
product in Eq. (2) corresponds to an overall normal-
ization constraint. The error o includes the statistical
and the systematic errors added in quadrature. For the
hypothesis of contact interaction the scale A is varied
for the assumption A = A [8]. To set a limit on the
mass of the excited electron, m,«, the full expression
for the differential cross section given in Ref. [10] is
used under the assumption that the coupling constant
A=1. At 95% CL we find A > 602 GeV, me- > 146
GeV, Ay > 149 GeV, and A_ > 143 GeV. In order
to calculate the limits we use a Gaussian distribution
which contains the full positive parameter space and
renormalize this area to one [12]. Fig. 4 shows the
ratio of the measured to the radiatively corrected QED
differential cross section as a function of | cos |. The
curves illustrate the effects of A, A, and A_ on the
QED prediction.

Other deviations from QED could come from the
forbidden decay Z— ¥y, or the rare decays Z—
7°y and Z— 7y [1]. At high energies, the two pho-
tons from the 7° or 7 are too close to be separated
and are seen as a single shower in the ECAL. All
three reactions leave the same two photon signature
in the detector as the QED reaction apart from the
angular distribution of the photons.

The Born level cross section at the Z pole for Z—
X is given by
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Table 2

Number of ete— — ££~ny events compared to Monte Carlo expectations

n 1990 to 1994 data Monte Carlo expectation
ee (ny) e (ny) 77 (ny) 2 (ny) ee (ny) e (ny) 77 (ny) 2 (ny)
n>1 7138 6720 4262 18120 6857 6925 4680 18462
n>2 268 286 135 238 278 125 641
7
14 \ : L(Tx) = [ [ P(Ni, Nireo (Tx))
] Data I_Z) =1
a —  QED with radiative corrections . .
8 1.2 ] where P is the Poisson distribution function, N; the
S L] L ____________ ‘ ______ l J ’ number of observed events at an energy point, i, and
S 1 N B P e 2 S Nineo the number of expected events from QED plus
a L A S 1 """" * B the contribution from the Z— X decay. With this like-
T os I lihood function the 95% CL upper limits obtained are
<) A, =149 GeV, A = 602 GeV W
"""" A =143GeV I(Z — 7°y/yy) < 0.13 MeV
06 1 1 ] 1
0 02 04 0.6 0.8 1 or BR(Z — #°y/yy) <52 x 1073,
[cos(B)|

Fig. 4. Comparison of the measured differential cross section with
the QED predictions including the deviations for the parameter
values shown in the figure, as a function of |cos|. The cross
sections are normalized to the radiatively corrected QED cross
section. The functional effect of A4 and A is the same.

1w TeTx
pole = m% I‘%

where Iy is the width of the rare decay mode under
consideration, I'ee is the electronic decay width, and
myz and I'z are the mass and the total width of the Z
respectively. The variation of the cross section with
the center of mass energy is given by a Breit-Wigner
ansatz:

sTZ
(s — m%)2 -+ (Srz/mz)Z‘

o(s) = Tpole

For Tee, I'z and mz we use our measured values [13].
The selection efficiencies in the angular range 14° <
6 < 166° for these decays are estimated using Monte
Carlo events with an angular distribution of (1 4
cos2@) [1]. This leads to an efficiency of (7342)%
for Z— yy and Z— 7y events and (52 £+ 2)% for
Z— 7y events (the 7 neutral decay fraction is 71%).
The likelihood function used to calculate the limits for
the rare decay width I'x is

I'(Z — ny) <0.19 MeV
or BR(Z — ny) < 7.6 x 107>,

The above limits on I'x are used to estimate the pos-
sible deviations from QED as shown in Fig. 2a. The
curve for the decay Z— my is separated from that
for Z— 7°y and Z— ¥y due to the 1 neutral decay
branching fraction.

5. ete”™ — £*¢ ny results

The accumulated high luminosity makes it possible
to test QED via the reaction ete™ — £t£~ny. There
exist several QED calculations and Monte Carlo sim-
ulations for this process. The YFS approach [14] and
the matrix element calculation approach [15] predict
the same cross section for hard isolated photon produc-
tion. The agreement between the two approaches for
the yy invariant mass distribution is better than 10%
[16]. As in our previous analysis, the Monte Carlo
program YFS3 [17] is used for the QED calculation.
Table 2 gives a comparison between the data and the
Monte Carlo expectation for the number of £7 £~ (ny)
events withn > 1 and n > 2.

Fig. 5 shows the yy invariant mass distribution.
Reasonable agreement between the data and the QED
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Fig. 5. yy invariant mass distribution compared to the QED pre-
dictions for the process eTe™ — £+~ yy.

prediction is observed. At lower mass, the discrepan-
cies originate mainly from the use of a generator level
Monte Carlo, with the directions and energies of the
final state particles smeared according to our detector
resolutions. Using the YFS3 program, we calculate a
probability of 25% to observe more than 5 events with
a vy invariant mass above 50 GeV with 4 of them
within an interval of 5 GeV.

6. Conclusions

The measurements of total and differential cross
sections for efe™ — <yy(y) are well described by
QED. The measured total cross section for the process
e*e”™ — 7yyy is in good agreement with the QED
prediction. At 95% CL, we set the following lower
limits: the contact interaction energy scale parameter
A > 602 GeV; the excited electron mass me+ >146
GeV; and the QED cut-off parameters A, > 149 GeV
and A_ > 143 GeV. Upper limits are set, at 95%
CL, on the branching fractions of Z decaying into vy,
7%y, and 7y of 5.2 x 1073, 5.2 x 1075 and 7.6 x
10~ respectively. The increased statistics indicates
that there is no further evidence for a high yy mass
anomaly in the £Zyy channel.
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