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Abstract

Single- and multi-photon events withissing energy & selected in 619 p‘b1 of data collected by the L3 detector at LEP
at centre-of-mass energies between 189 and 209 GeV. The cross sections of the precess vy (y) are found to be
in agreement with the Standard Model expectations, and the number of light neutrino species is determined, including lower
energy data, to b&, = 2.984+ 0.05+ 0.04. Selection results are given in the form of tables which can be used to test future
models involving single- and multi-photignatures at LEP. These final states are also predicted by models with large extra
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dimensions and by several supersymmetric models. No evidence for such models is found. Among others, lower limits between
1.5 and 0.65 TeV are set, at 95% confidence level, on the new scale of gravity for the number of extra dimensions between 2
and 6.

0 2004 Published by Elsevier B.®@pen access under CCBY license.

1. Introduction els with large extra dimensions [5] predict a grav-
ity scale,Mp, as low as the electroweak scale, nat-

In the Standard Model of the electroweak interac- urally solving the hierarchy problem. Gravitons, G,
tions [1] single- or multi-photon events with missing are then produced in*e~ collisions through the
energy are produced via the reactioree — vy (y) process €&~ — yG, and escape detection, leading
which proceeds throughichannel Z exchange and to a single-photon signature. Different mechanisms
channel W exchange. The majority of such events are are suggested for symmetry breaking in SUSY mod-
due to initial state radiation (ISR) from the incoming €ls [6], which imply three different scenarios: “su-
electrons and positrorsThe distribution of the recoil ~ perlight”, “light” and “heavy” gravitinos,G, with
mass to the photon systemec, is expected to peak ~ Several single- or multi-photon and missing energy
around the Z mass in thechannel, whereas ISR pho- ~ Signatures. Results of generic searches foge—
tons from ther-channel W exchange are expected to XY — YYy and € e~ — XX — YYyy, where X
have a relatively flat energy distribution, peaked atlow andY are new neutral invisible particles, are also dis-
energies [2]. cussed.

This Letter describes L3 results from the highest ~ The main variables used in the selection of single-
energy and luminosity LEP runs and improves upon and multi-photon events are the photon enetgy,
and supersedes previous publications [3]. Other LEP Polar angleg, , and transverse momentus, . Three
experiments also reported similar studies [4]. The €venttopologies are considered.
cross section measurement of thieee — viy(y)
process is presented, as well as the direct measurement ® High energy single-photon: a photon with°14

of the number of light neutrino species. Selection 6, <166 and P > 0.02,/5. There should be no

results are also given in the form of tables which can other photon withz,, > 1 GeV.

be used to test future models involving single- and  Multi-photon: at least two photons witlk, >

multi-photon signatures at LEP. 1 GeV, with the most energetic in the regiorf 14
The selected events are dge search for manifes- 6, < 166 and the other in the region 1% 6, <

tations of physics beyond the Standard Model, suichas ~ 169". The transverse momentum of the multi-
extra dimensions and supersymmetry (SUSY). Mod-  Photon system should satisf/” > 0.02,/s.
e Low energy single-photon: a photon with 43
6, < 137 and 00085 < P/ < 0.02/s. There

1 supported by the German Bundesministerium ftr Bildung, should be no other photon Wiﬂﬁy > 1 GeV.
Wissenschaft, Forschung und Technologie.

2 Supported by the Hungarian OTKA fund under contract Nos. The inclusion of the low ener inale-ohoton
T019181, F023259 and T037350. Inclusi w gy single-p

3 Also supported by the Hungarian OTKA fund under contract sample significantly increases the sensitivity of the

No. T026178. searches for extra dimensions and pair-produced grav-
4 Supported also by the Comision Interministerial de Cienciay itinos.
Tecnologia.

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

6 Supported by the National Natural Science Foundation of
China.

7 A small fraction of photons originates from thechannel Data collected by the L3 detector [7] at LEP in the

W boson fusion in the®e™ — veley (y) process. years from 1998 through 2000 are considered. They

2. Dataand Monte Carlo samples
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Table 1 of the detector. The fiducial volume of the tracking
Centre-of-mass energies, nagi convention and corresponding  chamber (TEC), used to discriminate between photons
integrated luminosities and electrons, is P4< 6 < 166°.

Vs (GeV) Named as £ (pb1) Photon candidates are required to have an energy
188.6 189 1760 greater than 1 GeV and the shape of their energy de-
191.6 192 295 position must be consistent with an electromagnetic
195.5 196 839

shower. Bhabha and™e~ — yy(y) events that are

;gi:g ;82 2‘11:2 fully contained in the ECAL are used to check the
202.5-205.5 205 748 particle identification efficiency and the energy reso-
205.5-207.2 207 1302 lution.

207.2-209.2 208 86 Single- and multi-photon events are accepted by

calorimetric triggers monitored with a control sample

) o of single-electron events. These are radiative Bhabha
correspond to an integrated luminosity of 619 Bt scattering events where one electron and a photon
centre-of-mass energiegs = 1886-209.2 GeV, as  have a very low polar angle, and only a low energy

detailed in Table 1. electron is scattered at a large polar angle. They are
The following Monte Carlo generators are used accepted by a dedicated indeplent trigger requiring

to simulate Standard Model processé&MC [8] the coincidence of a charged track and a cluster in

for efe™ — viy(y), GGG [9] for e*e™ — yy(y), one of the luminosity monitors. Fig. 1(a) shows the

BHW DE [10] and TEEGG [11] for large and small  trigger efficiency as a function of the ECAL shower
angle Bhabha scattering, respectivedy,AG36 [12] energy. In the barrel, it rises sharply at the energy
for efe” — efe"ete” and EXCALI BUR [13] for threshold of a first trigger and reaches a plateau mainly
ete” — eteTvi. The predictions oKKMCare check-  determined by the presence of inactive channels [18].
ed with theNUNUGPV [14] generator. SUSY processes  wjith increasing energy additional triggers become
are simulated with th&USYGEN [15] Monte Carlo  active, resulting in a second threshold rise and a final
program, for SUSY particles with masses up to the pjateau at efficiencies of 92+ 0.6% in the barrel
kinematic limit. and 954 + 0.4% in the endcaps. As the cross section
The L3 detector response is simulated using the of single-electron production decreases rapidly with
GEANT program [16], which describes effects of the single-electron eneygthe trigger performance
energy loss, multiple scattering and showering in the stydy at high energies is complemented by studying

detector. Time-dependent detector inefficiencies, as Bhabha events selected using calibration data at the
monitored during the data taking period, are included 7 peak.

in the simulation.
3.1. High energy single-photon selection

3. Event selection The selection of high energy single-photon events
requires only one photon candidate in the barrel or
Electrons and photons are reconstructed in the endcaps with transverse momentuPi > 0.02./s.
BGO crystal electromagnetic calorimeter (ECAL). It The energy not assigned to the identified photons must
is accurately calibrated using an RFQ accelerator [17] be less than 10 GeV and the energy measured in
and has an energy resolutietiE)/E = 0.035/~/E & the SPACAL must be less than 7 GeV. There must
0.008 for E in GeV. Its barrel region subtends the be no tracks in the muon chambers and at most one
polar angle range 43< 6 < 137 while the endcap  ECAL cluster not identified as a photon is allowed
regions subtend the ranges’106 < 37° and 143 < in the event. Electron candidates are removed by
6 < 170¢°. The region between the barrel and the requiring that no charged track reconstructed in the
endcaps is instrumented with a lead and scintillator TEC matches the ECAL cluster.
fiber electromagnetic calorimeter (SPACAL), which The probabilityof photon conversion in the beam
is used as a veto counter to ensure the hermeticity pipe and in the silicon microvertex detector is about



L3 Collaboration / Physics Letters B 587 (2004) 16-32 21

1E -
2) agkeggg et 20r| B 4 Data
- o : L1 vy
....Q. ° -
0751 o I
> ¢ ¢ Barrel 15
S | . ¢ Endcaps o L
(3] A
w 05 e g 10 —_
5 o St
2 | w L
= I
025 ° 5
o I
PR TN TR T [N T T TN T [N N ST SN S (N SN TR S N N N 0 L L L L
% 5 10 15 20 0 5 10 15
ECAL Shower Energy (GeV) AD,, s(deg)
102 E
i © ¢+ Data 0 ZL d) ¢+ Data
; e'e” — vuyy(y) N e'e” — vwyy(y)
e'e - n(y) N e'e” - 1y
N
o, 10 & 3 N
2 =N
o { 4 N
g N
1 B qEgit e ol 0O 00 of
§ ka1 1 N
z \
-1 | -1 N\
10 k& T I O P O Y I Y A P | I 10 K . L
0 50 100 150 0 50 100 150
Acoplanarity (deg) Acoplanarity (deq)

Fig. 1. (a) Trigger efficiency as a function of the ECAL shower energytribigions of: (b) the azimuthal angle between two matching tracks
for photons accepted by the conversion selection in the barrel, (ectianarity between the two most energetic photons for ECAL showers
which are not near the calorimeter edges and do not contain dead hamue(d) for the case when at least one of the showers does not satisfy
these conditions. The arrows indicate the values of the cuts.

5% in the barrel region and increases rapidly at tracks with an azimuthal opening angle®yacks <

low polar angles, reaching about 20% @&t 20°. 15°. The distribution ofA @yacksfor photons accepted
To improve the selection efficiency in the presence by this cut is presented in Fig. 1(b).

of converted photons, the cut on the TEC tracks is  To reduce background from radiative Bhabha
released for events witec = 80—-110 GeV in the  events at low polar angles and from the process
barrel andMec = 80-140 GeV in the endcaps. Photon e*e™ — yy(y), events with a transverse momentum
candidates in the barrel region witiec outside this less than 15 GeV are rejected if an energy cluster is ob-
range are also accepted if they have two matching served in the forward calorimeters covering an angular
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Fig. 2. Distributions of (a) the recoil mass and (c) the polar angle ®htgh energy single-photon events and of (b) the recoil mass and (d) the
energy of the second most energetic photon for the multi-photon sample.

range of 1.8-10°, with an acoplanariywith the most energy depositions in the ECAL. The cosmic ray back-
energetic photon less than3@urthermore, if a pho-  ground in the event sample is estimated from studies

ton is detected with an acoplanarity less thah wih of out-of-time events and amounts to 0.2%.
a hadron calorimeter cluster, the energy of this cluster  The noise in various subdetectors is studied using
must be less than 3 GeV. events randomly triggered at the beam crossing time.

To reject cosmic ray background, no muon track The resulting efficiency loss is 0.8%, and the Monte
segments are allowed in the event for photons with en- Carlo predictions are scaled accordingly.
ergy less than 40 GeV. If photons are more energetic, In total, 1898 events are selected in data with
their ECAL showers leak into the time-of-flight sys- 1905.1 expected from Monte Carlo. The purity of the
tem and its signals are required to be in time with the selected €e~ — viy(y) sample is estimated to be
beam crossing withia=5 ns. Furthermore, an eventis 99.1%, with the main background coming from ra-
rejected if more than 20 hits are found in the central diative Bhabha events and from théee — vy (y)
tracking chamber in a 1 cm road between any pair of process. Fig. 2(a) and (¢) show the distributions of
Miec and| cosd, |. The numbers of events selected at
different values of,/s are listed in Table 2, together
8 Defined as the complement of the angle between the projec- With the Standard Model expectations. The efficien-
tions in the plane perpendicular to the beam axis. cies of the selection and the numbers of observed and
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Table 2
Numbers of observed and expected events selected in different kinematic regions for different vglses of
/s (GeV) Single-photon Single-photon Multi-photon
P/ >0.02/s r) <0.02\/5, P/ >0.008/5 P’ > 0025, E) > 1GeV
Data Expected Data Expected Data Expected
189 607 6156 160 1622 26 36.2
192 89 946 A 29.9 1 5.8
196 256 2584 9 8.7 17 15.6
200 241 2383 7 80.3 15 15.0
202 114 1020 35 36.4 3 6.2
205 213 2101 74 64.7 10 12.6
207 354 3625 98 1122 17 2.0
208 24 235 9 74 2 15
Total 1898 19051 566 5778 101 1148
Table 3

Numbers of events selected by the high energy single-photon selection, Standard Model expectatgriection efficiencies in % as a
function of the recoil massWrec, and of the photon polar anglgost, |. The phase space region corresponding to this selection is defined in
the text

| costy | Mrec[GeV]

0-70 70-95 95-120 120-145 145-170 170-210
0.000-0.200 10.5/82 55/52.9/88 34/385/87 18/16.8/88 26/23.6/82 66/748/73
0.200-0.400 19.5/80 48/65.5/89 49/40.1/89 31/16.8/85 22/25.6/84 93/792/73
0.400-0.600 07.4/81 67,/81.8/88 57/54.9/88 2422.2/87 3332.2/83 91900/73
0.600-0.730 09.6/79 82/68.2/84 44/54.2/84 27/19.9/83 26,29.2/81 76/687/68
0.800-0.870 07.7/80 82/83.0/93 59,60.2/93 28/26.2/91 24/31.2/85 66/58.7/47
0.870-0.920 0.7/76 10091.9/91 61,65.9/90 26,25.5/86 30,82.8/78 51/504/37
0.920-0.953 07.5/60 94/97.3/87 61/69.9/84 2824.7/79 20/24.9/57 31/328/22
0.953-0.972 09.3/59 82/78.9/70 47/52.7/68 24,20.4/64 12/16.5/36 1/2.2/3
expected events are given in Table 3 in binsMc In total, 101 multi-photon events are selected, with
and|cosd, |. 114.8 expected from the Standard Model processes.

The purity of the selected sample is 99.0%, with the

3.2. Multi-photon selection main background coming from there™ — vy (y)

process. Fig. 2(b) and (d) show the distributions of
Multi-photon candidates should have at least two Mrec and of the energy of the second most energetic
photons with energy above 1 GeV and a global photon, E,,. Table 2 gives the numbers of multi-
transverse momentur”” > 0.02,/s. There should  photon events selected at different values,6f to-
be no charged tracks matching any of the photon gether with the Standard Model expectations. The effi-
candidates. ciencies of the selection and the numbers of observed
The acoplanarity between the two most energetic and expected events are given in Table 4 in bins of
photons is required to be greater than°2.Bbout Myec and E,,, for the full sample and for the case in
20% of the photon candidates are either near the which both photons are in the barrel.
calorimeter edges or have a dead channel in the33
matrix around the crystal with the maximum energy 3.3. Low energy single-photon selection
deposition. For these events, the acoplanarity cut is
relaxed to 10. The distributions of the acoplanarity This selection extends the?! range down to
for events passing all other selection cuts are shown in 0.008,/s. It covers only the barrel region where
Fig. 1(c) and (d). a single-photon trigger [19] is implemented with a
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Table 4
Numbers of observed and expected multi-photon events and selection efficiencies in % as a fundiignaotl £, for the full sample and
for the case in which both photons are in the barrel. The phase space region corresponding to the multi-photon selection is defined in the text

Ey2[GeV] Mrec[GeV]
0-70 70-95 95-120 120-150 150-180 180-210

Full sample

0-15 0/0.2/59 34,306/60 19,211/61 9/10.3/58 13/176/54 7/7.4/39
15-40 0/0.1/64 12/124/52 5/8.2/55 2/3.2/54 0/0.9/59 -
40-80 0/0.2/62 0/1.9/60 0/0.5/54 - - -
Both photons in 43 < 6, < 137°

0-15 0/0.1/74 5/6.0/71 4/4.7/78 2/2.1/69 2/4.5/65 1/2.1/45
15-40 0/0.0/75 6/3.2/69 1/2.1/77 0/1.0/80 0/0.3/75 -
40-80 0/0.2/68 0/0.7/73 0/0.1/75 - - -
Table 5

Numbers of observed and expected single-photon events, togetheseldthion efficiencies and purities in % as a function of the ratio of the

photon energy to the beam energy, and|cosd), |. Results from the combined high and low energy selections are shown. The phase space
regions corresponding to these selections are defined in the text. In the first row of each cell, the left number represents the number of observed
events and the right number the expectations from Standard Modelkpeascdn the second row of each cell, the left number is the selection
efficiency and the right number the purity

|costy | Xy
0.00-0.02 0.02-0.03 0.03-0.05 0.05-0.10 0.10-0.20 0.20-0.35 0.35-0.50
000-020 29 18 39 395 25 207 28 285 22 297 24 225 13 145
28 17 54 31 64 86 68 99 79 99 82 99 83 99
0.20-0.40 31 3@ 57 528 27 238 36 294 36 320 20 258 17 151
33 11 53 24 63 83 68 99 79 99 83 99 84 99
040-0.60 19 1B 111 1059 55 574 36 368 44 376 28 304 21 197
36 11 50 13 63 41 67 97 78 98 83 99 84 99
0.60-0.73 - 111 138. 8 907 27 281 34 323 34 270 17 180
- 51 8 59 22 57 94 73 99 79 99 81 99
0.87-0.92 - - - 12 178 82 676 42 573 50 419
- - - 17 96 73 99 78 99 84 98
0.92-0.97 - - - - 18 234 24 208 31 329
- - - - 21 94 38 100 58 100

threshold around 900 MeV, as shown in Fig. 1(a). In data with an expectation of 577.8, where 124.2 events
this region the background due to radiative Bhabha are expected from thete™ — vy (y) process and
scattering increases, requiring additional cuts: no en- 447.2 from the €e~ — ete~y(y) process. Fig. 3(a)
ergy deposit is allowed in the forward calorime- compares the photon energy spectrum with the Monte
ters, there must be no other ECAL cluster with en- Carlo predictions. The normalization of theer —
ergy greater than 200 MeV, the energy in the hadron ete~y (y) Monte Carlo is verified with a data sample
calorimeter must be less than 6 GeV and no tracks selected with less stringent selection criteria.
are allowed either in the TEC or in the muon cham- Table 5 presents the numbers of observed and
bers. To further reduce background from cosmic ray expected events, the efficiencies and the purities of
events not pointing to the interaction region, cuts on the selected sample in bins ¢tosd, | and x,
the transverse shape of the photon shower are also ap£, / Epeam Where Epeamis the beam energy. Single-
plied. photon events withx, < 0.5 from the combined
The numbers of selected and expected events arehigh and low energy selections are listed, and the
listed in Table 2. In total, 566 events are selected in corresponding,, distribution is shown in Fig. 3(b).
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[ a) ¢ Data Table 6
L 1 vy Combined trigger and selection efficienc_y, and meaSt_Jred,
80 - ) Omeasured aNd expectedgexpected Cross sections as a function of
I /s for the ere™ — viy(y) process in the phase space region de-
% I fined in the text. The statistical uncertainty on the selection effi-
O el ciency is quoted. The first uncertainty @fheasurediS Statistical,
g r the second systematic. The theoretical uncertaintyQectedis
g I 1% [20]
PN L
g 40 B V5 (GeV) & (%) OmeasuredPb) TexpectedPD)
u>_1 L 189 737+0.2 4.83+0.19+£0.05 497
- 192 710+0.2 4.75+0.48+0.05 477
0 196 709+0.2  456+0.28+005 458
L 200 704+0.2 4.44+0.284+0.05 439
3 202 704+0.2 4.73+0.44+0.05 437
01 ' — 5 205 703+0.2 4.20+0.28+0.05 420
E. (GeV) 207 706+ 0.2 4.004+0.21+0.05 415
Y 208 698+ 0.2 4.29+0.85+0.05 412
400 s b) + Data
R T vy Table 7
e'ey(y) Systematic uncer_tainties on the measurement of the e
P e L E— M, =0.85TeV, n =4 vuy (y) cross section
§ " * Mp=1TeV,n=2 Source Uncertainty (%)
oS Trigger efficiency 0.6
E 200 % Monte Carlo modelling 0.6
S \ Selection of converted photons 0.5
& \ Photon identification 0.3
Monte Carlo statistics 0.3
100 \ Luminosity 0.2
\' Background level 0.2
\ Cosmic contamination 0.1
0 \\ L |.. T e Calorimeter calibration 0.1
0 0.1 0.2 0.3 0.4 05 Total 11
Ey/Ebeam

Fig. 3. Distributions of (a) thehoton energy for the low energy ~ S€ction measurement and the Standard Model expec-
single-photon selection and (b) the ratio of the photon energy to tations.

:?ehbeam Ie”ergyﬁy' for ?i”?'e'ﬁhomf‘l events from ”}e ?Ombined The systematic uncertainties on the cross section
igh and low energy single-photaselections. Signals for extra ¢ istad in Table 7. The largest sources of system-

dimensions forMp =1 and 0.85 TeV and = 2 and 4 are also . . . .

shown. atics are the uncertainty on the determinations of the

trigger efficiency and of the efficiency of the selection
of converted photons, both due to the statistics of con-

4. Neutrino production trol data samples. Equally large is the uncertainty from
Monte Carlo modelling, determined as the full differ-
The cross section of the processee — viy(y), ence between the efficiencies obtained usindiieC

where one or more photons are observed, is mea-andNUNUGPV Monte Carlo generators. Other uncer-
sured in the kinematic region 14 6, < 166> and tainties are due to the selection procedure, assigned by
P/ >0.02/s or P’V > 0.02,/s using the high en-  varying the selection criteria, the Monte Carlo statis-
ergy single-photon and the multi-photon samples. The tics, the uncertainty on the measurement of the inte-
average combined trigger and selection efficiency is grated luminosity, the level of background from Stan-
estimated to be about 71% and is given in Table 6 as dard Model processes and cosmic rays and, finally, the
a function of,/s together with the results of the cross accuracy of the ECAL calibration. All uncertainties,
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Fig. 4. (a) Cross sections of the e~ — vi(y) and € e~ — vy (y) processes as a function.gf. The cross section of the latter process refers
to the kinematic region defined in the text. The firle represents the theoretical prediction fé§ = 3 and the dashed lines are predictions
for N, =2 and 4, as indicated. (b) The ratio of the measured an8tdwedard Model predictedass sections as a function ¢fs. The shaded
region represents the thetioal uncertainty of 1% [20].

except that from Monte Carlo statistics, are fully cor- spectrum from the-channeheie production and the

related over different values qfs. s-channelvv production, this method is more pow-
Fig. 4 shows the measurede& — vvy(y) cross erful than using the total cross section measurement.

section as a function ofs, together with the Standard ~ Fig. 5 shows theV;ec spectrum compared to the ex-

Model predictions and measurements at loy&r{3]. pectations forV,, = 2, 3 and 4. The result of the fit is

The theoretical uncertainty on the predicted cross

section is 1% [20]. The extrapolation to the total cross Vv = 2-95+ 0.08(staf + 0.03(sys} & 0.03(theory.

section of the €&~ — vi(y) process, obtained using  The systematic uncertainties are the same as for

the KKMC program, is also shown in Fig. 4. the cross section measurent. The last uncertainty
To determine the number of light neutrino species, includes the theoretical @ertainty on the expected

Ny, a binned maximum likelihood fit is performed to  cross section [20] as well as an additional uncertainty

the two dimensional distribution Q¥frec Vs. | cOS9y | on the shape of the recoil mass spectrum, estimated

for events selected by the high energy single-photon by comparingkKMC with NUNUGPV. Combining this

and by the multi-photon selections. The expectations result with the L3 measurements gk around the Z

for different values ofN, are obtained by a linear  resonance [21] and above [3], gives

interpolation of theKKMC predictions fornv, = 2,3

and 4. Due to the different contributions to the energy Nv = 2.98+ 0.05(sta} & 0.04(sys}.
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Fig. 5. The recoil mass spectrum of the single- andtinptnoton events compared to the expected spectra/foe 2, 3 and 4.

This result is in agreement with the Z lineshape stud- Table 8
ies[22], while being sensitive to different systematic Fitted values Of(l/MD>”+?, together with the observed{ pgs,
and theoretical uncertaips. It is more precise than and expectedMexp, lower limits on the gravity scale as a function

the or nt world aver fm rements relvin nof the number of extra dimensions, Upper limits on the size of
€ prese orid average ol measurements relying o the extra dimensionstgs, are also given. All limits are at the 95%

the single-photon method [23]. confidence level

n (1/Mp)"t+2 Mpos (TeV) Mexp(TeV) Rgs (cm)
) 2 —0.03:0.10TeV4 150 149 21x10°2
5. Searchesfor new physics 3 —0.10+£0.28Tev5 1.14 112 29 % 107
4 —05+1.0Tev® 001 089 11x107°
5.1. Extra dimensions 5 —22+39Tev’ 076 075 42x10711
6 —11.24+17.7TeV'8 065 064 47x10°12
) ) ) . . 7 —67+87Tev® 057 056 10x 10712
Gravitons expected in theories withextra dimen- 8 _400+ 460 TeV-10 051 051 325 10-13

sions [5] are produced via the"e~ — yG process
and are undetected, giving rise to a single pho-
ton and missing energy signature. This reaction pro- in Ref. [25]. Since the photon energy spectrum from
ceeds throughk-channel photon exchangegchannel the e"e~ — yG reaction is expected to be soft, only
electron exchange and four-particle contact interac- single-photon events from the high and low energy
tion [24]. samples withx, < 0.5 are considered. Effects of
The efficiency for such a signal is derived inca extra dimensions on the, distribution are shown
vs.| cost, | grid similar to that of Table 5 and, together in Fig. 3(b). The two-dimensional distribution af,
with the analytical differential cross section [24], vs.|cosd,| is fitted including a term proportional to
allows the calculation of the number of expected signal (1/Mp)"+2 with the results listed in Table 8. While
events as a function ofl/Mp)"*+2, to which the similar searches were performed both at LEP [3,4,26]
signal cross section is proportional. Effects of ISR are and the Tevatron [27], these results provide the most
taken into account using the radiator function given stringent limits forn < 6.
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Fig. 6. Cross section upper limits at 95% confidence level for model-independent searches: (a) observed and (b) expected for the process
ete” — XY — YYy and (c) observed and (d) expected for the procéss e XX — YYyy. The limits are obtained foy/s = 207 GeV.
Data collected at lowey/s are included assuming the signal cross sections to sc#g/aswherepgg is defined in the text.

5.2. Model-independent searches channel, a discriminant variable is built [3] which
includesM;ec, the energies of the two most energetic
Single- and multi-photon events are used to inves- photons, their polar angles and the polar angle of
tigate the ée~ — XY and € e — XX processes the missing momentum vector. No deviation from the
whereX andY are massive neutral undetectable par- Standard Model expectations is observed and cross
ticles and theX — Yy decay occurs with a 100%  section limits are derived for all allowed values of the
branching ratio. Flat photon energy and polar angle massesrzx andmy, in steps of 1 GeV. The observed
distributions are assumed. and expected limits are shown in Fig. 6 in the vs.
For the €e~ — XY search, a fit is performed to  my plane. The limits are obtained afs = 207 GeV,
the Mec distribution, whereas for thete™ — XX data collected at lowey/s are included assuming the
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signal cross section to scale #g/s, where o =
\/1 — 2(x1+ x2) + (x1 — x2)2 with x1 = mi/s and
X2 =m%/s or xp =m?2 /s for the e"'e” — XX and
ete” — XY searches, respectively.

5.3. Neutralino production in SUGRA models

In gravity-mediated SUSY breaking models
(SUGRA) the gravitino is heavy (10§ mg < 1 TeV)
and does not play a role in the production and decay of
SUSY patrticles. The lightest neutralino is the lightest
supersymmetric particle (LSP), which is stable under
the assumption of R-parity [28] conservation and es-
capes detection due to its weakly interacting nature.
In this scenario, single- or multi-photon signatures
arise from neutralino production through the processes
ete — )?fxz and e'e” — 39%3 followed by the de-
cay )Zg — )?17/ [29]. The signal topologies are sim-

ilar to the ones assumed in the model-independent

29

E

40

100
m;_(GeV)

searches described above, and comparable cross sech 7. Region excluded at 95% confidence level in ﬁheo ve.

tion limits are derived.

The one-loopx2 — X1v decay has a branching
fraction close to 100% if one of the two neutralinos
is pure photino and the other pure higgsino [30]. This
scenario is suggested by an interpretation [31] of the
rare egy event observed by CDF [32]. With this

& Plane. The shaded region correspondsigp >> megg and the
hatched region is additionally excluded wheg = mg,. The mass
difference betweepig and;zf is assumed to be greater than 10 GeV.
Regions kinematically allowed for the CDF event [31] as a function
of mo are also indicated.

assumptlon and using the results of the search for theijs produced not only in SUSY particle decays but

ete” — X2X2 process, a lower limit on thg2 mass

is calculated as a function of the right-handed scalar
electron massng,, using the most conservative cross
section upper limit for any mass difference between
%3 andy? greater than 10 GeV. Two distinct scenarios
are investigateding = mg, andmg > mg,, Where
mg is the mass of the left-handed scalar electron.
Fig. 7 shows the excluded region in th%) VS. Mg
plane. The regions kinematically allowed from a study
of the CDF event [31] are also indicated.

5.4. Superlight gravitinos

When the scale of local supersymmetry breaking is
decoupled from the breaking of global supersymmetry,
as in no-scale supergravity models [33], the gravitino
becomes “superlight” (16 < mg S 1074 eV) and

9 We assume that the matrix elements of both processes do not
depend on/s.

also directly, either in pairs [34] or associated with
a neutralino [35]. Pair-production of gravitinos with
ISR, ete” — GGy, leads to a single-photon signature
which also arises from the'e™ — G)Zf process with
f(f — Gy.

If the mass of the next-to-lightest supersymmet-
ric particle (NLSP) is greater thag's, the process
ete” — GGy is the only reaction to produce SUSY
particles. Its properties are similar to those of extra di-
mensions signals and its cross section is proportional
to 1/m‘(!3. A two-dimensional fit to ther, vs.|coss, |
distribution gives

mg > 1.35x 107> eV,

at 95% confidence level, corresponding to a lower
limit on the SUSY breaking scale/F > 238 GeV.
The expected lower limit on the gravitino mass is
1.32x 10°eV.

The reaction te~ — éf(f proceeds through-
channel Z exchange andchannel& r exchange.
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Fig. 8. Obse~rved anNdNexpected 95% confidence Ieygl upper limitgsat 207 GeV on the production cross section for the processes
(a) ete” — G > GGy and (b) e — 7xY — GGyy. The cross section predicted by the LNZ model [35] figg = 1075 eV is
also shown in (a), while the prediction of the MGM modekhown in (b). Regions excluded for (c) the LNZ model inithe VS-mio plane,

1
and for (d) a pure bino neutralino model in ﬁm;(o vs.mgy plane. The interpretation of the CDF event in the scalar electron scenario [38] is
1
also shown in (d).

Efficiencies for this process range between 68% for assuming the signal cross section to scalg®g35],
myo = 0.5 GeV and 75% at the kinematic limit. Cross whereg is the neutralino relativistic velocity.

section upper limits are derived ats = 207 GeV The no-scale SUGRA LNZ model [35] has only
from the photon energy spectrum and are shown in WO free parametersyg and mjo, and considers
Fig. 8(a). Data collected at lowey/s are included the neutralino to be almost pure bino and to be the
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NLSP. Its dominant decay channel)ag — Gy,anda events with one or more photons and missing energy
contribution from the decay into Z fai . 70 =100 GeV in the high luminosity and centre-of-mass energy data

is taken into account. Fig. 8(c) shows the excluded sample collected at LEP. Single- and multi-photon

regions in themg vs. m 0 plane. Gravitino masses ~events with transverse momentum as low &08,/s
! are considered. The numbers of selected events agree

with the expectations from Standard Model processes
and are given as a function of different phase space
variables in the form of tables which can be used to
test future models. The cross section for the process
ete” — vuy(y) is measured with high precision as a
function of /s, and is found to be in agreement with
the Standard Model prediction. From these and lower
energy data, the most precise direct determination
of the number of light neutrino families is derived
as

below 10°° eV are excluded for neutralino masses
below 172 GeV.

5.5. Theete™ — 7972 — Gy Gy process in GMSB
models

In models with gauge-mediated SUSY breaking
(GMSB) [36], a light gravitino (102 < mg < 107 eV)
is the LSP. If the lightest neutralino is the NLSP, it
decays predominantly through? — Gy, and pair-
production of the lightest neutralino leads to a two-
photon plus missing energy signature. The selection y, = 2,98+ 0.05(sta} & 0.04(sys}.
described in this Letter is devised for photons originat-
ing from the interaction point, and the following limits
are derived under the assumption of a neutralino mean
decay length shorter than 1 cm.

The same discriminant variable as in theee —
XX — YYyy search is used and signal efficiencies
are obtained which vary between 35% fmrif =
0.5 GeV and 70% fomﬁ) 2100 GeV. No deviations
from the Standard Model are observed and upper
limits on the cross section are derived as a function References
of mso at /s = 207 GeV, as displayed in Fig. 8(b).
Data collected at lowey/s are included assuming the
signal cross section to scale according to the MGM
model [37]. The signal cross section predicted by the

Model independent searches for the production of new
invisible massive particles in association with photons
do not reveal any deviations from the Standard Model
expectations and upper limits on the production cross
sections are derived. Severe constraints are placed on
models with large extra dimensions and several SUSY
scenarios, excluding their manifestations at LEP.
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