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Abstract. Data are presented on the reactidon~ — v + no The HPC is a gas sampling calorimeter which uses a long
other detected particle at centre-of-mass energies of 89.48lrift time to provide complete three-dimensional energy-
91.26 and 93.08 GeV. The cross-section for this reaction igleposition information in the manner of a time-projection
related directly to the number of light neutrino generationschamber. It subtends the angular rangé 41 ¢ < 139,
which couple to the Zboson, and to several other possible where® is the polar angle to the beam direction, and it is
phenomena such as the production of excited neutrinos, thmounted directly inside the 5.2-metre (inner diameter) su-
production of any invisible ‘X’ particle, and the magnetic perconducting solenoid of DELPHI, which provides a 1.23
moment of the tau neutrino. Based on the observed numbefesla axial magnetic field. The HPC consists of 144 mod-
of single photon events, the number of light neutrinos thatules arranged in 24 azimuthal sectors, where each sector
couple to the £ is measured to b&/,, = 2.894+ 0.38. Noev-  consists of six modules along the beam axis. Each module
idence is found for anomalous production of energetic singleconsists of 41 layers of lead radiator, totalling about 18 ra-
photons, and upper limits at 95% confidence level are deterdiation lengths &) at normal incidence, interspersed with
mined for excited neutrino production (BR4 — 8 x 10°° 40 gas sampling slots containing a mixture of argon and
depending on its mass), production of an invisible ‘X’ parti- methane gases. Charge due to ionization produced in the
cle (¢ < 0.1 pb for masses below 60 GeV), and the magneticelectromagnetic showers drifts along the beam gxis in
moment of the tau neutrino<(5.1 x 10~%u3). parallel electric and magnetic fields, and is read out via a
grid of 128 cathode pads per module, which provides nine
samplings along the shower axis. The 15 MHz sampling fre-
quency corresponds to a cell size of 3.5 mm along the beam
axis, giving a spatial resolution in varying between 1.3

1 Introduction and 3.1 mm according to the polar angle. The granularity in
the azimuthal angleg( is about 20 mrad.
This paper reports a study of the reactiefe~ — ~ and The energy resolution of the HPC has been determined

no other detected particle, using data taken by the DELPH[2] from studies of ag*e™ — e"e~ Bhabha events, giving
detector [1, 2] at the CERN LEP1 collider in 1993-1994. 45 GeV electromagnetic showers, andtty)~ — e*e™ vir-

The rate of such events can be used to estimate the nuntdal Compton scatter events, in which the photon is detected
ber of light neutrino generations which couple to tfevia  in the forward electromagnetic calorimeters, the scattered
the reactione*e™ — vvy [3, 4, 5, 6, 7, 8]. In principle electron or positron produces an electromagnetic shower in
such a study may also provide a clear signal for new phethe HPC, and the unscattered positron or electron remains
nomena, such as the existence of excited neutrinos [9], &ndetected inside the beampipe. In these virtual Compton
possible magnetic moment for the tau neutrino [10], and orscatter events, the energies of the scattered electrons and
the production of an invisible ‘X’ particle in association with positrons can be calculated precisely from the angles and
a photon, or else provide upper limits on these effects.  lie predominantly between 2 and 20 GeV. The electron

In Sect. 2, aspects of the DELPHI detector pertinent toenergy resolution of the HPC determined in this way is
this analysis are presented. Section 3 presents the data sam/E = 0.043® 0.32/+/E, where the symbob means addi-
ple and event selection criteria. The uncertainties and backtion in quadrature, E is in GeV [2], and the effects of about
grounds are discussed in Sect. 4. In Sect. 5, results on the.7 Xy of material in front of the HPC are included.

number of light neutrino generations are presented. Results The DELPHI single photon trigger uses a positive cor-
on searches for new physics, including excited neutrinosye|ation between a signal from the HPC first-level trigger,
the tau neutrino magnetic moment, and an invisible "X par-hich comes from a layer of plastic scintillator inserted in
ticle, are presented in Sect. 6. Lastly, the conclusions ar@ach module near shower maximum, and a signal from the
summarised. HPC second-level trigger, which uses the pattern of charge
observed in the module itself. The scintillator provides a fast
(< 2 psec) first-level trigger from each module. To provide
2 The DELPHI detector a second-level trigger, signals from the cathode pads, which
represent the energy deposited in the gas by the shower, are
This search for single photon events depends mainly on theplit. They are sent to the FADC's for digitization, and they
features of the barrel electromagnetic calorimeter, the Highalso provide input to the second level trigger. For the second
density Projection Chamber (HPC) [11], and of the single-level trigger, the signals from the 18432 HPC cathode pads
photon trigger it provides. The rest of the DELPHI detectorare added in groups of 16 to provide 8 signals per module
is used to establish the absence of any other particles in th@152 for the entire HPC). To keep the background levels
final state and to measure the integrated luminosity. low, the correlation between the first and second level trig-
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The read-out segmentation was defined by 3 cm rings in
the radial ¢) coordinate, 5° in ¢ for the four outermost
rings, and 15 in ¢ for the others. The energy resolution was
o/E =0012% 0.114/+/E + 0023, where E is in GeV [1].

o
o
T

For the 1994 run, a new luminosity monitor, the Small
Angle Tlle Calorimeter (STIC) [2] was installed in the DEL-
PHI detector, replacing the SAT. It consists of two identical
calorimeters with radial and azimuthal segmentation located
at +220 cm from the interaction point, with an angular cov-
erage between 29 and 185 mrad. Each STIC detector is a
lead-scintillator sampling calorimeter (49 layers of 3.4 mm
steel laminated lead plates and 3 mm thick scintillator plates
giving a total of ~ 27 Xj) with wavelength shifter fibre
readout, and is equipped with two planes of silicon strip
detectors placed after 4 and 7.4 radiation lengths. The ge-
N s S S ometry of each calorimeter is projective with respect to the

0 2 4 6 8 10 12 14 interaction point, and in 1994 the lower radial acceptance

Ey (GeV) was again defined by a tungsten mask placed in front of
one of the calorimeters. The experimental uncertainty in the
jmeasured luminosity was less than 0.1%, below the theo-

=y
—

Trigger Efficgency
-
—

Fig. 1. Efficiency of the HPC single-photon trigger as a function of energy,
as determined from scattered electrons and positrons in virtual Compto

events. Thelashed curveshows the result of a fit to the functiaiF.,) = retical uncertainty of 0.16%. Test beam measurements gave
A — Ce=E~/B with A =082+ 0.04 B =346+ 043 GeV,and C=  an energy resolution of/E = 0.0152@ 0.135//E, with
110+ 0.05 E in GeV. At 45.6 GeV the measured energy resolution is

o /E =2.7% [2].

gers is performed on groups of three adjacent HPC modules
at the same azimuth. For details see reference [12].

The trigger efficiency has been determined in an anal
ysis using the scattered electron or positron in about 800

virtual Compton events that were triggered independently otV 'tth da total 9:; 9064 lea% %Iass _bltopkéstgl theﬂ:‘)rm tOf trun-
the HPC, i.e. with a charged particle trigger. The result jscated pyramids arranged to point just isom the interac-

shown in Fig. 1. This measurement is an update of an eariO" point. The lead glass counters (2 deep, 5< 5 cnf,

lier measurement by the same method which used only theNloXlo) are read (.)Ut \.Nith v_acuum photodiodes. The elec-
1993 data [12]. The parametrization of the trigger efficiencyfon energy resolution is/E = 0.03© 0.12/vE @ 0.11/E,

shown in Fig. 1, with parameters as given in the figure capWith E_in GeV, the last term being due to amplification

tion, is used in all subsequent calculations. The systemati@Oise- The resolution quoted includes the degradation due to

uncertainty in the measured cross-sections due to the triggdp€ two radiation lengths of material in front of the calorime-

efficiency, determined from the fit shown in Fig. 1 averagester' Electron showers at 45 GeV from Bhabha scatter events

to 4.9% over the observed single photon events. It is include@® Measured with/E = 4.8%.
in all cross-section uncertainties quoted below. These effi-
ciencies are measured for an electron or positron incident The principal source of background to the reactta-
in the HPC, rather than a photon, but Monte Carlo shower— vv7 is the radiative Bhabha reactiefie™ — e*e™~ in
simulations indicate that the corresponding differences inwhich the final state electron and positron both escape de-
longitudinal shower development are detectable only in theection. This could occur in the 1993 data if the electron
first pad layer of the HPC, and are negligible in this analysis.and positron emerged at angles below the SAT acceptance
The simulations show [12] that the width of the threshold (¢ < 43 mrad) or in the uninstrumented region between the
shown in Fig.1 is due both to shower fluctuations and toSAT and the forward electromagnetic calorimeter (FEMC),
threshold non-uniformity between different HPC modules. 1-e. 135 mrad< ¢ < 173 mrad. In the 1994 data, the re-
Measurement of cross-sections requires knowledge of thelacement of the SAT by the STIC both improved the small
integrated luminosity. The Small Angle Tagger (SAT) [1] angle acceptance and completely closed the gap between the
was the main luminosity monitor in DELPHI before the luminosity monitor and the FEMC.
1994 run. It consisted of two cylindrical calorimeters placed
+232.5 cm from the beam interaction point and covering The DELPHI tracking system [1, 2] is divided into a
the polar angular region from 43 mrad to 135 mrad. Eachnumber of independent devices which include the vertex de-
cylinder was composed of a set of circular sheets of lead antkctor (VD), inner detector (ID), time projection chamber
scintillating fibres arranged inside an aluminum support. Thg(TPC), and outer detector (OD) in the barrel region, plus
total depth was equivalent to 28y. On one side, a tung- forward chambers A and B which enhance tracking closer
sten mask defined the inner radius of the detector with higtto the beam direction. The polar angle range covered by the
precision (20um) and prevented off-momentum particles charged particle tracking system is°¥1¢ < 169 . Detailed
from entering the calorimeter through the internal surface.descriptions of these detectors are found in reference [2]

The DELPHI Forward Electromagnetic Calorimeter
(FEMC) [2] subtends a polar angle 9 ¢ < 37° and
&430< ¥ < 170C°. It consists of tvo 5 m diameter disks
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Table 1. Integrated luminosity at the three centre-of-mass energies Table 2. Results of the visual scan

Vs (GeV) [ Zdt(pbY) Scan Result Number of Events
Single photon 106

89.48 7.532+ 0.006 Alpha 12

91.26 52.462+ 0.032 Cosmic 13

93.08 7.645+ 0.008 Noise 1

Total 67.639+ 0.034 ete™ — () 5
ete™ — efe” 2
Total 139

3 Data sample and event selection

This analysis is based on data collected during the second E > 0.5 GeV, passed selections (e) and (h) above, and
half of 1993 and throughout 1994. The start date is neces- was more than 20from the candidate photon, or (b) it
sitated by the absence of a true single photon trigger in was in the hadron calorimeter, forward electromagnetic

DELPHI before then. calorimeter, or luminosity monitor (SAT or STIC), had
In a scan of the ¥ peak during the 1993 run, data were E > 2 GeV, and was more than 2@rom the candidate
recorded at three centre-of-mass energjés= 89.48, 91.26 photon.

and 93.08 GeV. The 1994 run was entirely @ = 91.2 ¢ (i) removed most of the two-photon and three-photon

(?]ev. The integra;ced I#minos!ties during the pgriodlin which events. The 20algorithm was used, rather than a blanket
t ed DELPHI sm%e P Qtondtggger was_operﬁtml;rr]la N 1993, 6¢4 hy any second neutral, because the HPC pattern recog-
and 1994 were determined by measuring Bhabha scatteringii,n gccasionally produces small satellite showers close to

at very small angles using the small angle tagger (SAT) foran eneraetic primarv neutral shower. Finallv:
the 1993 run, and the scintillating tile calorimeter (STIC) g P y ' y:

for the 1994 run. The integrated luminosities for those runs() the azimuthal and polar angles of the shower axis, as
in which both the TPC and HPC were fully operational and ~ determined in a fit to the spatial distribution of the indi-
which were used in this analysis are shown in Table 1. vidual charge clusters in the HPC, each had to be within

This analysis used single photon events where the photon 15° of the azimuthal and polar angles of the line from
was detected in the HPC electromagnetic calorimeter. The the e’e” beam interaction point to the shower charge
data sample was defined by the following requirements: barycentre.

(a) the event had to be triggered by the single photon trigger A total of 139 events survived the above cuts. They were
described earlier, and there had to be no reconstructedlll Scanned by physicists in two independent scans to verify
charged particle track anywhere in the detector; the presence of a single electromagnetic shower in the HPC

(b) the most energetic neutral particle (ie calorimeter shower§leéctromagnetic calorimeter, and the absence of evidence of
had to be measured in the HPC, e.g. not in the hadro®nY other particles in the event. The event assignments in

calorimeter; the two scans were identical for all events classified in either
(c) the measured energy, Bf the shower in the HPC had scan as a single photon event. The results of the scan are
to be above 3 GeV; and shown in Table 2. _
(d) | cosv, | had to be below 0.7, wherg, is the polar Most of the rejected events were due to cosmic rays or
angle of the shower with respect to thee— beam in-  fesidual alpha decays. Although shower shape criteria (e)
teraction point. through (h) removed most of the alpha decay events, the

) . ] ) ] ] occasional juxtaposition of several alpha decays in the same
Selections (c) and (d) defined the kinematic region of inter-4pC module did cause occasional failures in this algorithm.
est. For photon energies below 3 GeV or photon polar anglegjowever, the resulting anomalous shower shape (three or
v below 45, radiative Bhabha background (see section 4)more narrow charge depositions in the same HPC module)

dominated the/vy signal. In addition: was easy to identify visually.

(e) the shower had to contain energy clusters in at least three The€ typical pattern of several aligned hits in detec-
of the nine pad layers of the HPC module; tors pther than the HPC (e.g. muo_n_chamber_s and hadron

(f) the first energy cluster of the shower had to be in one ofc@lorimeter) made most of the surviving cosmic ray events
the first two pad layers of the HPC module; also easy to identify visually. Ho_w_ever, a certain frac'_uon of

(g) the shower could contain no more than one empty rowthe cosmic ray events were su_ff|_C|entI_y out of time with the
before the end of the shower development; and e*e~ beam crossing that insufficient hits were reconstructed

(h) no single pad layer of the HPC could conta{in more thanto allow even visual identification. To evaluate this effect,
90% of the total shower energy. Fig. 2 shows the differences in polar and azimuthal angles

between the shower axis and the line to the shower barycen-
Selections (e) through (h) ensured a clean electromagnetige, separately for events identified in a much larger scan
shower in the HPC, and in particular they discriminatedas single photon events and as cosmic ray events. On the
against alpha decays from radioactive inclusions in the HPGyasis of the shapes of the distributions shown in Fig. 2 and
lead converter. Also: the number of cosmic ray events listed in Table 2, the irre-

(i) there should be no significant evidence of any other neuducible background to the single photon sample from cosmic
tral particle in the event, i_-e- a sec_ond Ca_|0rimeter Shower 1 The scan was performed on an event sample that included the 139
would veto the event if either (a) it was in the HPC, had events referred to above and was selected with similar but looser cuts
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Fig. 2. Distributions in the differences in polar and azimuthal angles (in Fig. 3. Distribution in energy of the single photon evenpeiity. The his-

d_egrees) between the shower axis and the line to the shower barycentre f%gramshows the distribution expected from the signaly events plus the

single photon events and for events produced by cosmic rays backgrounce*e~~ events §haded regiopin which the final state positron
and electron both escape detection

Table 3. Upper part: Predicted cross-sections and numbers of events ex-
pected for the reactioe*e™ — vv~ in the kinematic region £ > 3 L
GeV and| cosd-, |< 0.7, expected numbers efe~~ background events, 4 Uncertainties and backgrounds

and total numbers of single-photon events expected. Lower part: Numbers

of events observed, the average efficiencies > including both trigger ~ Apart from the integrated luminosity discussed earlier and
and reconstruction efficiencies, and the numbefg of vwyevents  the statistical uncertainty in the number of events observed,

corrected
found from the data after subtracting the calculatéeiy background and  measurement of a cross-section requires knowledge of the

applying the efficien

cy corrections

trigger and reconstruction efficiencies.

Vs = 89.48 GeV 91.26 GeV 93.08 GeV The trigger efficiency has been discussed in Sect. 2. The

Predicteds (pb) (N, = 3) 23 4.4 11.7 efficiency for detecting photons in the accepted region of the
CalculatedNeyents HPC, i.e. E > 3 GeV and| cosy, |< 0.7, is less than unity

efe” — vy 40402 655+49 231+18 because (i) even within this region there are dead spaces be-

ete” — etey 44+04 65+07 34+03 tween HPC modules, so that a photon may enter a dead
Newpected 84+ 05 720+50 265+1.8 region and fail to be detected, and (ii) the criteria for la-
Nobserved 9 73 24 belling a signal in the HPC as a legitimate electromagnetic
<e> 0.24 0.28 0.28 shower are less than 100% efficient, even for photons of

corrected 19413 238432 74420 energy greater than 3 GeV/c. This arises partly because sta-
a(vvy) (pb) 25+ 17 45+06 9.7+26

tistical fluctuations in the energy deposited in a single pad

row are occasionally large enough that the entire shower
may fail selection criteria (e) through (h), and also because

ray events in which the cosmic ray particle leaves no clearlyS°Me photons convert in the material of the detector before

identifiable pattern of isolated hits was expected to amounin® HPC. Those that convert before the TPC usually pro-
to two events or less. duce reconstructed charged particle tracks, so the event is

rejected. But those that convert closer to the HPC, e.g. in

The final sample of single photon events passing all ofihe gyter detector [2], are often still reconstructed as single
the cuts described above was 106 events. Since none Was, iiral showers in the HPC.

found in the scan to be ambiguous between the single pho- The photon detection and reconstruction efficiency was
ton hypothesis and any other hypothesis, the systematic unsg|cylated by generating large numbers of single photon
certainty from the scan was estimated to be less than 3/10§vents in a series of bins in cds but uniform in azimuthal
= 2.8% at the 95% confidence level. angle. These events were passed through the standard DEL-
Figure 3 shows the distribution in photon energy of the PHI detector simulation and event reconstruction codes. The
single photon events. The histograms show the predictiongfficiency was estimated as the fraction of those accepted by
for vvy ande*e™v events as described below, including all the trigger that passed all the single photon selection crite-
cuts and efficiencies. The double peak structure iretlae ria. Systematic errors arise from uncertainties in edge effects
background distribution corresponds to final state electronsiear the boundaries of the HPC modules and the finite en-
and positrons which escape detection, either by going dowrrgy resolution of the calorimeter. For,E> 3 GeV, the
the beam pipe or, for the 1993 data only, into the then-single photon detection and reconstruction efficiency was
uninstrumented region between the SAT and the FEMC. found to vary from 40% to 70%, its energy dependence be-
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ing parametrized by the function photon occasionally fails to reconstruct as a neutral shower.
bB But then it can be detected in the visual scan as isolated hits
e(B))=A—Ce P/ (1) in the calorimeters. Monte Carlo calculations [13], includ-

ing the same cuts and efficiencies as for the data, predict
a contribution of 4.2 twoy and threey events, consistent

. : €Swith the five such events identified in the scan (see Table 2).
all effects described above, except for the single photon trig— ;s the contamination froma*e- — +(7) events in the

ger efficiency, which has a similar energy dependence an ample labelled single events is negligible.

is described in Sect. 2. ; : — + -
. _— . Other possible backgrounds incluefe: and
There are four possibly significant physics backgrounds: - _, TPT_W which h%ve been measure_d) /(”LSéLe [714]) and
(i) a charged particle, e.g. an electron, may arrive at the+ - _, 70 eie* — i andete — 00, for Whicr,1
HPCl undetected by ?]” the traﬁ_k|r?g de}gctrc])rs ?Jnd p.m_guc‘?nere are theoretical expectations [14]. These have all been
an electromagnetic shower, which would then be misiden<|cjated and found to be negligible in the accepted kine-
tified as due to a photon, but Monte Carlo calculations in-

di hat thi Id i | han 0.1 " matic region. In addition, a calculation of potential back-
icate that this would contribute less than 0.1 eve(its,  41q,nds from resonances which are produced in two-photon
e'e” — e"e” v radiative Bhabha scatters in which the pho-

. . 2" interactions and decay into severdl’s, only one photon
ton satisfies the cuts and the final state electron and POSItrof o which is detected. shows that this effect is negligible

escape detection, typically by going down the beam pipe Ofit the severe cuts imposed. Lastly, the higher order re-

into a crack in the detectofiii) e"e™ — 5y eventsinwhich  aegign e vy~ has been computed, and found to be
the second photon escapes detection, @jyde e~ — vy negligible

events in which two of the photons escape detection.
Estimating the contribution fronfii) radiative Bhabha
scattering involves detailed Monte Carlo generation of ra-
diative Bhabha scatters including radiative corrections [13],
and detailed simulation of the apparatus to include ProPqn, the reactiore*

v all the eff lated heth h . e~ — vy, the photon is the result of initial
erly all the effects related to whether or not the OUtgo'ngaEtate radiation by either the electron or the positron, and the

where A = 0.70+ 0.02 B = 2.51+ 0.65, anl C = 0.99+

5 The number of light neutrino generations

electron or positron is detected and thus can veto the even 7 pair is produced either by the decay of & Eoson pro-
However, although radiative Bhabha scattering has a tot uced in thes-channel or by W-exchange in thechannel
cross-section much greater than that fory, it results in | 5 qqition, thes-channel and-channel amplitudes inter-

a photon angular distribution that is much more stronglyfere_ The suggestion to use this reaction to determine the

peakgd in the forward—backward direction. The fraction Ofnumber of light neutrino generations which couple to the
radiative Bhabha scatters with a photon produced at an anglgo has been made many times [3, 4, 5, 6, 7, 8].

to the beam direction}, > Jrin, I The number of light neutrino generations,, may be

m2 calculated from the cross-section for the reactidoa~ —
f@Omin) =, ‘, 2 vvy in a specific kinematic region, since the dependence
Vrin * Bbeam of the doubly differential cross-section @i, is known. It

Consequently, the strict energy and angle cuts on the phd-s given in reference [5] as

ton (E, > 3 GeV and| cosv, |< 0.7), together with the
rejection of events with reconstructed charged particles or Po  GZas(l— )1 — z/2)2 +22y2/4]
high energy deposition in the forward calorimeters, reduce dzdy = 6r22(1 — 1?) X
the background from radiative Bhabha scatters to a low level
(see next section and Table 3).
The cross-section fd(iii), electron-positron annihilation 24 N, (9% +g3) +2(gv + ga)[l — s(1 — 2)/MZ] @
into two photons, is large and is given by: [1— s(1— x)/M2]2+I'2/M2

2ra?  1+y2 . L . .
12 3) neglecting radiative corrections (discussed below).

5 Y In (4), G is the Fermi coupling constanty is the
where y = cosd,. The two photons are both energetic fine structure _COﬂStantﬁ is the square Of the Ce_ntrt_a-of-
(E, = V/s/2), and are emitted in opposite directions. Be- Mass energyy is the photpn energy in units of the incident
cause of the symmetry of the detector, the probability ofbeam energyy = cosy, is the cosine of the polar angle
exactly one of them escaping detection is very low. Sinceof the photon with respect to the incident beam direction,
process(iv), ete~ — 477, is mostly the same as the two- V. is the number of low-mass neutrino generations, and
photon reaction with the third photon being due to initial Mz and I'; are the mass and the total width of thé.Z
state radiation, one of the three photons is generally forwardor Mz and Iz, the averages of measurements by the four
and of relatively low energy, so it may easily escape detecLEP experiments, as quoted in reference [15], are used, i.e.,
tion. In addition, the other two photons no longer need to beMz = 911888+ 0.0044 GeV andl’; = 24974+ 0.0038
back-to-back. The symmetry of the detector then increase§eV. In the Standard Model [16§y = — + 2 sirf ¥y and
the probability of losing one of them in a crack and detectingg = —%, where ¥y, is the weak mixing angle. The “2”
the other. Cut (i) described in section 3 removes most of théerm in (4) is from the square of thiechannel W-exchange
two-y and threey events. A few events survive it because a amplitude, theN, (¢2. + g3) term is the dominant one and

do, . _
dy(e e — )=
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as the number of light neutrino generations. {fewas 0.7
i - for two degrees of freedom. Systematic uncertainties com-
50 |- DELPHI N, =4~ mon to the three data points were removed before the fit,
L ' and then included in the total systematic error. Contribu-
tions to the quoted systematic uncertainty ai@07 back-
‘=3 . ground subtractionst-0.14 trigger efficiency£0.08 recon-
C struction efficiency,+0.08 visual scan: all other contribu-
i i tions are negligible in comparison. This result is consistent
30 - i with that found by other methods, and also by this method
i IN=2 by the other LEP collaborations [18].

o (pb)

20 |-
6 Searches for new physics

o R % Events featuring a single highly energetic photon can provide
i e evidence for the presence of new physics. In the selected
: ;(-‘i5——}5?;—;-‘7';‘;j’;ff‘ e sample, presented in Sect. 3, a total of 11 single photon
92 93 94 95 96 events have E> 10 GeV, while 4 have E> 15 GeV. A
Vs (GeV) total of 8.2 such events is expected with & 10 GeV, and
Fig. 4. Measured cross-sections for the reactida~ — viry with E, > 2.9 events with E > 15 GeV, from the neutrino counting
3 GeV and| cos?, |< 0.7, including all corrections and background sub- reactionee™ — vy [17] assuming 3 light neutrino gener-
tractions. Thedashed, dottedcanddot-dashed curveshow the expectations  ations. All other backgrounds are negligible above 10 GeV.
for two, three and four generations respectively No event is observed with E> 22 GeV. Thus these data
show no evidence for any anomalous source of high energy
. . single photons.
is from the square of the-channel 2 amplitude, and the This result is consistent with the results of the other
2(gv +ga)l...] term is from W2 interference. LEP collaborations [19]. In the following, limits on pos-
Thus the cross-section fare™ — vy may be cal-  gjple sources of new physics will be determined on the basis
culated if the analytic formula is integrated over the appro-of these observations, taking into account the rates expected

priate kinematic region. The integration may be performedgom the known sources:*e— — vy with N, = 3 and
either numerically or by generatingy events by Monte  +.— _, ete .

Carlo techniques and recording the fraction that survives the

kinematic cuts. Here, numerical integration over the allowed

fiducial region is used to calculate the cross-sections, and thg 1 | imit on excited neutrinos
generation of events by Monte Carlo techniques is used to

determine the efficiencies. Radiative corrections must also b
mchded. They moQ|fy (.4) both in Ime srlape arld n Cross'through the reactior™e™ — v*v*, or singly through the
section [17]. But since in the reactiasfe™ — vv~y there reactione*e~ — v*i7 [9]

is no final state radiation, and therefore no interference be- " 1. 10ss-section fér pair production is independent of

tween initial and final state radiation, the uncertainties argy o compositeness scale and present LEP limits already

small. . : .
. _ exclude this channel for excited neutrino mask&s below
The results of the calculations efe~ — v~y [17] and Vs 12 [20].

¢'e” — e'e”v[13], and the calculation of the cross-section ¢ single production of excited neutrinos, which de-
for e*e™ — viy based on the number of observed events, are,onqs on the z*i couplings, allows the lower limit on the
shown in Table 3. Note that the calculated radiative Bhabh ranching fraction of the ‘Zin’to * to be extended to val-
background is not proportional to the integrated Iuminosityues of M, up to M. With the assumption of a pure left-

at each centre-of-mass energy. This is because, for the 1994 ded or right-handed, the cross-section for®Z — v*ir
data sample, the replacement of the SAT luminosity MONitofg gt the 2, 1i7 cross-section [21], apart from kinemat-
with the STIC luminosity monitor closed the gap between the; ’

Excited neutrinos can be produced at LEP either in pairs

L ) : . cal factors,
luminosity monitor and the FEMC calorimeter, as dlscussed
in Sect. 2. Consequently the peak between 6 and 9 GeV in O S M2, M2,
the radiative Bhabha background (see Fig. 3) comes only o = A2(1_ o ) (1+2 5 ) (5)

from the 1993 data.

Figure 4 shows the measured values of the cross-section Events with singlev* production were generated for a
for e'e” — vvy in the accepted region, i.e.,E> 3 GeV number ofM,,- values. The branching fraction of into v~
and|cosv, | < 0.7, at the three centre-of-mass energies. Thavas assumed to equal unity, and a (1 + edsingular distri-
curves show the integral of the theoretical calculations [17]bution was assumed for the radiative decay ofithewhere
over the region of the cuts. A fit to the three data points withq is the polar angle of the neutrino in the rest frame,

N, left as a free parameter yielded defined with respect to the* momentum direction in the
centre-of-mass frame. Using the efficiencies thus calculated,
N, = 2.89+ 0.32(stat) + 0.19(syst) the observation of no events with,E> 22 GeV yields the
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10 above formulation. Photon and W exchange graphs con-
2 g = DELPHI tribute about 1% in the kinematic region of interest, and
r7E have also been neglected.
N 6 F If the tau neutrino magnetic moment werg = 5 x
4 i 3 1084, then 90% of the increase over the Standard Model
X 3E prediction would be in the energy region above 22 GeV.
S 2= After integrating equation (7) over the kinematically al-
é L lowed region, with E > 22 GeV and| cosd,| < 0.7, the
0 10 20 3 40 50 60 70 80 90 estimated cross-section expected due to a neutrino magnetic
moment aty/s = My is
L o =6.6 mbx x? (10)
E"jo E Taking into account the other two centre-of-mass energy
5‘ r points and correcting for initial state radiation, the observa-
<~ tion of no events with E > 22 GeV yields a limit on an
10 iesssassesssssssssaseressemmmmsassssssseeeeesesmmmmmsmsssseeneet S anomalous magnetic moment fey of
R I I A R K <51x10° (1)
M,. (GeV)

at the 95% confidence level. A similar measurement has been
Fig. 5. Upper limits at 95% confidence level on BRZ— v*v) and  renorted by the L3 collaboration [23], and a comparable
A/My + as functions ofh, - result has been obtained by combining data from several
lower energye*e™ experiments [24]. A more stringent limit
(k < 5.4x10°7) has been obtained by a different technique
using the BEBC bubble chamber [25]. It is worth noting that,
since the photons considered are real, all these limits apply

ues, where all photons from* decay exceed 22 GeV. The at Q? » 0. Existing limits on electr.o_n and muon heutrino
corresponding upper limit on the effective coupling constantMagnetic moments are already s_ufflc_lently stringent to totally
\/M, -, defined as [22] preclude any observable effect in this data sample.

upper limit at 95% confidence level for the branching ratio
BR(Z° — v*1) as a function of\/,. shown in Fig. 5 (upper
plot). The limit is approximately constant for highl,- val-

A1
Mu* \/2/1

is given in Fig.5 (lower plot). A new particle ‘X’ may be produced in association with
a photon in the reactiom™e™ — ~'X. If X' is invisi-
ble, or can decay invisibly, it could be seen in the single
6.2 Limit on the tau neutrino magnetic moment photon topology. Figure 6a shows the distribution in recoil
mass against the photon for the 106 single photon events.
The magnetic moment coupling of the tau neutrino gives al N distribution is consistent with that expected from known
contribution to the differential cross-section for the processSOUrces. _ . _
e*e~ — vy of the form [10] Figure 6b shows the resulting upper limit at 95% confi-
dence level on the cross-section e~ — ‘X’ as a func-
do a?k? tion of the mass of the ‘X’ particle. The limit was calculated
cdedy 96 psClxwlF s, z,y] (7)  using a Poisson distribution taking into account both the ex-
pected background and the experimental resolutiofthe
wherez is the photon energy in units of the incident beam points in Fig. 6b are at the centres of bins of widtfo). The
energyy is the cosine of the photon polar angle with respectnatural width of the ‘X’ was assumed to be small compared
to the beam axis, and is the anomalous magnetic moment with the resolution and its production angular distribution
of the tau neutrino in units of the Bohr magneter;. The ~ was assumed to be isotropic. The limit shown for masses
kinematics are contained in the function between 40 and 55 GeV is equally valid for masses below
40 GeV. As it is based on a slightly higher integrated lumi-
nosity (67.6 pb! instead of 40.5 pbt), the limit obtained
is slightly more restrictive than that found by OPAL [26].

(6) 6.3 Search for'X’ production

1-2+2%(1—14?%)/8

8
s—mzp+nzrz O

F[S,I,y] :(4)

and the coefficienC[xw] is given by
7 Conclusions
8)&,[, — 4y +1

9
ol — xw)? ®)

C = .
Do Data are presented on the reacti®ie~ — ~ + no other

detected particle at centre-of-mass energies of 89.48, 91.26,
with yw = sir® 9y and using the Standard Modetz—and  and 93.08 GeV. The measured cross-section for this reaction
Zvv couplings. Initial state radiation is neglected in the is used to determine the number of light neutrino generations
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Fig. 6. a Recoil mass distribution for the 106 single photon events with
photon energy above 3 Ge\pdinty compared with the expectation for
vvy with N, = 3 plus the known background processésstogran).

b Upper limit at the 95% confidence level for the production cross-section14.

of ‘X’

which couple to the Z boson. The result isV, = 2.89+
0.32(stat) = 0.19(syst) = 2.89+0.38. No evidence is found

for sources of highly energetic single photons other than'>

the known Standard Model processes; upper limits at the

95% confidence level are consequently set on the productiofg.

of excited neutrinos (see Fig. 5), on the production of an
invisible particle ‘X’ via the reactione’e™ — X' (see

Fig. 6b), and on a possible tau neutrino magnetic moment’-

(k < 5.1 x 10~° at the 95% confidence level).
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