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Abstract

A search for lepton avour number violating Z0 decays in the channels

Z0 ! �� ,
Z0 ! e� ,
Z0 ! e�,

using the DELPHI detector with data collected during the 1991{94 LEP runs,
is described. No signal was found. Upper limits at 95% con�dence level for the
respective branching fractions of 1:2 � 10�5, 2:2� 10�5, and 0:25 � 10�5, were
obtained.
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1 Introduction

The standard model (SM) does not contain �rst order avour changing neutral cur-
rents. However, several extensions to it allow avour changing neutral currents with
predicted branching ratios of lepton avour number violating Z0 decays ranging from
� 10�4 to � 10�9 [1]{[8]. Thus lepton avour violation constitutes an important po-
tential signal of physics beyond the SM. While the branching ratio of Z0 ! e� can be
concluded to be below 10�12 from the absence of �! eee decays, the absence of neutri-
noless � ! ���, ��e, �ee, and eee decays only imposes constraints that Z0 ! �� , e� be
below a few times 10�4 [9]. In models with momentum transfer dependent form factors,
the low energy limits may not be valid. For a recent review of lepton avour violation
physics, see ref. [10].

In this letter a search for Z0 decays to �� , e� , and e� with the DELPHI detector is
described. A previous DELPHI search based on data from 1990 and 1991 is reported in
ref. [11]. Previous searches have also been reported by the other LEP experiments [12{
14].The most stringent published limits, ref. [12], are B(Z0 ! �� ) < 1:7�10�5, B(Z0 !

e� ) < 0:98 � 10�5, and B(Z0 ! e�) < 0:17 � 10�5, at 95% con�dence level.

2 The detector

Since the quality of the three analyses described depends crucially on the momen-
tum resolution, which deteriorates at small scattering angles, only the barrel part of the
DELPHI detector was used in the three analyses. The barrel de�nition depended on the
channel studied, and are given in the detailed description of each analysis in the following
sections. A complete description of the DELPHI detector can be found in [15]. Here only
the parts relevant to this study will be mentioned. The main tracking device was the Time
Projection Chamber (TPC), extending radially from 32 to 116 cm and from �135 cm to
+135 cm in z (position along the beam), covering approximately a polar angle (�) range
from 20� to 160�. In addition to providing precise track points, the speci�c ionization,
dE=dx, was used for particle identi�cation. The TPC tracking was supplemented by pre-
cise R� information from the Vertex Detector (VD) (three layers at radii between 6 and
11 cm). Here R is the radial coordinate in a plane perpendicular to the beam axis, and
� the azimuthal angle around the beam. Additional space information came from the
Inner Detector drift chamber (ID), positioned between the VD and the TPC, and from
the Outer Detector (OD), a �ve layer drift tube detector at radii from 198 to 206 cm for
a polar angle range from 43� to 137�. A momentum resolution of � 4% was measured
with muon pairs at 45 GeV/c.

Electromagnetic calorimetry was provided by the High density Projection Chamber
(HPC), a lead/gas calorimeter with the ionization electrons drifting in the gas gaps to
multiwire proportional chambers. The detector gave 3-dimensional charge distributions
in nine radial samplings over 18 radiation lengths with a �z�� granularity of about
4 mm�1�. The polar angular coverage was 43� to 137�. An energy resolution of � 6%
was measured with electrons of 45 GeV.

Hadronic calorimetry was provided by the Hadron Calorimeter (HCAL), a 20 gap
limited streamer/iron plate detector, read out in four radial layers with a granularity of
about 3�3 degrees in � and �.

Muons penetrating the iron of the HCAL were detected by the Barrel Muon chambers
(MUB), providing three dimensional track points for polar angles between 52� and 128�.
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Towards the end of the data taking, the barrel muon chamber coverage was extended to
42� (138�).

In the three analyses reported here, the particle identi�cation was based on the
calorimetry, the dE=dx measurements, and the muon chamber hit patterns.

3 Method

A search for rare processes is sensitive to detector malfunctions. Therefore strict
detector quality requirements were applied, and known dead detector zones were masked
o�. Data from the years 1991{1994 passing the detector quality cuts amounted to an
integrated luminosity of approximately 100 pb�1, corresponding to about 3.9�106 Z0's,
the numbers being slightly di�erent for the three channels due to di�erent detector quality
cuts. This corresponds to �85% of the total integrated luminosity. The �� (e� ) search
looked for a high energy muon (electron) recoiling against a low multiplicity system with
the leading charged particle being di�erent from a muon (electron), i.e. � decays to
���� (e���) were not accepted. The events were divided into two hemispheres by a plane
through the origin perpendicular to the thrust axis. The e� analysis looked for events
with a high energy electron in one hemisphere and a high momentum muon in the other
hemisphere. E�ciencies and backgrounds were determined partly from data, and partly
from Bhabha [16], dimuon [17], and � -pair [18] simulated event samples with detector
response functions simulated [19] and adjusted to �t real data. For the generation of
signals, modi�ed versions of KORALZ [18] were used. The modi�cations consisted of
renaming one or both � to e or � as appropriate, and suppressing the � decay for the
renamed lepton(s). Also the generated signal events were passed through the detector
response simulation.

In the absence of a signal, upper limits were determined. In the �� (e� ) case, an
unbinned likelihood method was applied. The likelihood function was de�ned as

L =
NdataY
i=1

(fbPb(xi) + fsPs(xi)) (1)

where xi is the muon momentum (electron energy) normalized to the beam energy, fs
and fb are the signal and background fractions in the data, and Pb(x) and Ps(x) the
normalized probability densities for the background and signal respectively, as determined
from simulation. The background fraction is fb = 1 � fs. The signal fraction was
parametrized as fs =

B�

Ndata
where B is the signal branching fraction and Ndata the number

of accepted candidates in data. The sensitivity factor � is given by the sum over the
four years of data taking of the e�ciency corrected number of Z0's, �yN

y
Z , where �y is

the 4� e�ciency of the event selection for year y. N
y
Z was calculated as a sum over

the LEP energy points from the total cross sections and the corresponding luminosities.
The likelihood function for the �� (e� ) channel is sensitive to the amount of muon pair
(electron pair) background, which peaks in the signal region. The systematic errors arising
from the uncertainties in these background channels were accounted for by applying a
likelihood pro�le technique, i.e. the likelihood function which was studied, was maximized
with respect to the number of expected muon pair (electron pair) events, which was
treated as a free parameter with a Gaussian probability density.

The 95% signal branching fraction upper limits were derived by �nding the 95% point
of the area under the pro�le likelihood function as a function of the signal branching
fraction. This corresponds to a Bayesian approach with a uniform prior probability
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density [20]. The systematic error in the sensitivity factor was conservatively accounted
for [21] by subtracting one sigma from the sensitivity factor.

In the e� case, zero events passed the analysis, and the upper limit was determined by
Poisson statistics. In this case the systematic error in the sensitivity factor was accounted
for by the method of ref. [21].

4 Event selection

4.1 Leptonic preselection

The �rst step of the three analyses consisted of a common leptonic event preselection.
The number of reconstructed charged particles with minimumdistance to the interaction
point of less than 1.5 cm in radius and less than 4.5 cm in the projection along the
beam was required to be 2 � Ntrack � 6. There had to be at least one track in each
hemisphere. The visible energy, de�ned as the sum of charged track momenta plus
unassociated electromagnetic energy, was required to be greater than 8 GeV. The isolation
angle, the smallest angle between tracks in the two opposite hemispheres, was required
to be greater than 160�. Events accepted by the leptonic preselection were passed on to
the event selections as described in the following sections.

4.2 The �� search

The track of the leading charged particle in each hemisphere was required to point
to the region with full barrel muon chamber coverage, i.e. to have 52� < � < 128�.
Cosmic radiation events were suppressed by cuts on the impact point of the leading
charged particle in each hemisphere in the radial and in the z-coordinate of Rimp < 1 cm,
jzimpj < 4 cm, and j�zimpj < 1 cm where �zimp denotes the di�erence between the leading
charged particle in the two hemispheres. The analysis proceeded by searching for a high
momentum (p=Ebeam > 0:3) muon in one of the hemispheres. If one was found, strict cuts
were applied to the leading charged particle in the opposite hemisphere to reject muons.

The muon identi�cation required the HCAL response to be compatible with a min-
imum ionizing particle by demanding that EHCAL

lay (mips), the HCAL energy per �red
layer normalized to the mean minimum ionizing particle (mip) response, ful�lled 0 <

EHCAL
lay (mips)< 3:5. Furthermore at least one MUB hit associated to the track was re-

quired. In addition, non-zero energy in the fourth HCAL layer was required, suppressing
background from misidenti�ed hadrons. Only one charged particle in the muon hemi-
sphere was accepted. The track was required to have the chi-squared per degree of
freedom from the track �t less than 5, and tracks with a particle momentum greater than
130% of the beam energy were rejected to avoid background due to badly reconstructed
tracks. Muon momentum spectra from data and Monte Carlo simulations are shown in
Fig. 1 a).

The muon veto selection in the opposite hemisphere required the combined HPC and
HCAL response of the leading charged particle to be incompatible with a muon. If there
was non-zero HCAL energy associated to the track in any of layers 2 through 4, the track
was rejected if the HCAL response was in the mip peak. If there was zero HCAL energy in
layers 2 through 4, but the response in the �rst layer was in the mip peak, then the track
was rejected if the electromagnetic energy divided by the momentumwas not compatible
with an electron, i.e. if Eem=p < 0:5 or Eem=p > 1:5, where Eem denotes electromagnetic
energy associated to the track. If there was zero HCAL energy associated to the track, it
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was expected to be an electron, and the associated electromagnetic energy was required
to be greater than 0:5 GeV. To suppress muons further, the track was rejected if it
had one or more associated muon chamber hits or if it had non-zero associated HCAL
energy in the fourth HCAL layer. Furthermore, to be sure a possible muon would have
reached the muon chambers, the momentum was required to be larger than 2:5 GeV/c.
To ensure high MUB e�ciency, angular cuts were applied to eliminate zones with poor
muon chamber coverage. In the case of more than one charged particle in the hemisphere,
all were required to be seen by the VD, thus minimizing the chance of having an electron
from a photon conversion as the leading charged particle.

To suppress muon pair background further, the event was required to have an

acollinearity greater than 0:1�. The radial momentum, de�ned as prad =
q
p21 + p22 where

pi is the leading charged particle momentum in hemisphere i, was required to satisfy
prad < 62 GeV/c. The prad distributions for muon pairs, the �� signal, and tau pairs are
shown in Fig. 1 b). Finally, the leading charged particles in the two hemispheres were
required to have opposite charges.

The number of �� event candidates selected by these cuts was 4137.

4.3 The e� search

The track of the leading charged particle in each hemisphere was required to point
to the region with full barrel electromagnetic calorimeter coverage, i.e. to have 45� <
� < 135�. After cuts to reduce background from cosmic radiation events similar to those
described in section 4.2, the analysis proceeded by searching for a high energy electron
(Eem=Ebeam > 0:3) in one of the hemispheres. If one was found, strict cuts were applied
to the leading charged particle in the opposite hemisphere to reject electrons.

In addition to the high electromagnetic energy requirement, the electron identi�cation
required the electromagnetic energy divided by the momentum measured from track
curvature, Eem=p, to be consistent with electron response by demanding 0:6 < Eem=p <

1:5. The Eem=p distributions for real and simulated data are shown in Fig. 2 a). Hadronic
and radiative muon backgrounds were suppressed by rejecting the candidate if it had
non-zero associated HCAL energy in any of layers 2 through 4, or if it had one or more
associated muon chamber hits. Candidates with an associated electromagnetic energy
greater than 130% of the beam energy were rejected to avoid fake electron candidates from
noisy HPC channels. Finally, cuts on the longitudinal pattern of the HPC energy deposits
and on dE=dx from the TPC were imposed to suppress background from misidenti�ed
hadrons.

The electron veto selection in the opposite hemisphere �rst applied angular cuts to
eliminate dead or weak zones in the electromagnetic calorimeter. If the non-electron
candidate had more than 2.5 times the average mip response in the sum of HCAL layers
2 through 4, the event was then passed on to the last step of the analysis in which cuts
were made in variables for the whole event, involving both hemispheres. If not, the
non-electron candidate was subjected to the following cuts. The electromagnetic energy
divided by the momentumhad to be inconsistent with the expected electron response. For
particles below 8 GeV/c the TPC dE=dx response was required to be inconsistent with
that of an electron. Particles above 8 GeV/c were required to have nonzero associated
energy in any of HCAL layers 2 through 4 or at least one associated muon chamber hit.

Finally, the surviving events had to satisfy the following two criteria involving both
hemispheres: the acollinearity angle had to be greater than 0.3�, and the radial electro-
magnetic energy, Erad, had to be smaller than 59 GeV. The radial electromagnetic energy
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was de�ned as Erad =
q
(E1

em)
2 + (E2

em)
2 where Ei

em denotes the associated electromag-
netic energy of the leading charged particle in hemisphere i. The Erad distributions for
simulated Bhabha events, tau pairs, and the e� signal are shown in Fig. 2 b).

The number of e� event candidates selected by these cuts was 4145.

4.4 The e� search

The e� signal consists of back-to-back electron-muon systems, with the energy of both
leptons consistent with the beam energy. Thus cosmics as well as tau pair background
are heavily suppressed in the signal region. This allows for somewhat looser selection cuts
than in the previous analyses. Cosmic rays were suppressed further by requiring the tracks
to have an impact parameter Rimp < 1:5 cm. The track of the leading charged particle
in each hemisphere was required to point to the region with full barrel electromagnetic
calorimeter coverage, i.e. to have 45� < � < 135�.

The analysis proceeded by searching for a muon in one hemisphere and an electron in
the other one. The muon selection accepted only one charged particle in the hemisphere,
which had to have at least one associated muon chamber hit and an HCAL response
compatible with that of a minimum ionizing particle. The HPC energy associated to
the track was required to satisfy Eem=Ebeam < 0:8 to suppress Bhabha background. The
momentum was required to be larger than 30% of the beam momentum and, to ensure
good track reconstruction quality, smaller than 130% of the beam momentum.

The electron selection also accepted only one charged particle in the hemisphere. In
addition to demanding Eem=Ebeam > 0:3, the track was required to have zero energy
in HCAL layers 2 through 4 and no muon chamber hits. An associated energy in the
�rst HCAL layer of up to 2.5 times the minimum ionizing particle response was accepted
to allow for leakage through the HPC. Tracks with associated electromagnetic energy
or reconstructed momentum larger than 130% of the beam energy, indicating energy or
track reconstruction problems, were rejected.

The number of e� event candidates selected by these cuts was 988.

5 E�ciencies

The e�ciencies of the analyses were determined as the product of the preselection
e�ciency �presel, the lepton identi�cation e�ciency �ID = �l1�l2, and the correlation ef-
�ciency �corr. Here �l1 (�l2) is the � (� ) selection e�ciency for the �� analysis, the e

(� ) selection e�ciency for the e� analysis, and the e (�) selection e�ciency for the e�
analysis. The preselection e�ciency was determined from simulated signal event sam-
ples. The correlation e�ciency included the cuts on global event variables and small
hemisphere correlation e�ects and was determined from simulated signal samples. The
lepton identi�cation e�ciencies were measured on tagged electron, muon and tau pairs
in the data.

The muon pairs were tagged by requiring a muon with normalized momentum greater
that 0:9 � Ebeam to be found by the muon selection routine. In addition, the muon was
required to be accepted as such by DELPHI's standard muon identi�cation [15]. In order
to suppress tau pairs, the acollinearity angle of the event was required to be smaller than
0.1� and the visible energy was required to be greater than 1.4�Ebeam. This resulted in
a sample of 35000 tagged muon pairs with negligible background from electron and tau
pairs. The muon in the hemisphere opposite to the tagged one was used in the e�ciency
measurement.
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Channel �presel �l1 �l2 �corr
Z0 ! �� 47.1�0.4 84.5�0.2 45.0�0.2 91.9 �0.7
Z0 ! e� 54.5�0.5 69.1�0.2 44.9�0.5 98.3 �0.9
Z0 ! e� 57.5�0.4 84.6�0.2 82.8�0.1 77.4 �0.6

Table 1: E�ciencies (%) for the three analyses. See the text. The errors are statistical
only. In the e� case, the hemisphere-correlating cuts included in �corr include the cuts
de�ning the signal region (see the text and Fig. 9).

The electron pairs were tagged by requiring an electron with normalized electromag-
netic energy greater that 0:9 � Ebeam to be found by the electron selection routine. In
order to suppress tau pair background, the acollinearity angle of the event was required
to be smaller than 0.2� and the visible energy was required to be greater than 1.4�Ebeam.
This resulted in a sample of 55000 tagged electron pairs with negligible background from
muon and tau pairs. The electron in the opposite hemisphere to the tagged one was used
in the e�ciency measurement.

The tau pairs were selected by applying the algorithm used by DELPHI's line shape
analysis [22], resulting in a sample of 120000 tagged tau pairs. The electron pair back-
ground was determined on Monte Carlo generated data to be 1% and the muon pair
background to be 0.5%.

Corrections due to cracks and dead detector elements were determined from simulated
electron, muon, and tau pair samples and are included in the e�ciencies given in table 1.
In addition to the cuts described in section 4.1, the preselection e�ciency included the
barrel de�nition cut and the cuts against cosmics.

The e�ciencies varied slightly between the di�erent years due to di�erent detector
versions. The most signi�cant e�ect was an increase in the e� e�ciency due to increased
muon chamber coverage in the 45� region in parts of the 1994 run. The e�ciencies pre-
sented in table 1 are luminosity-weighted averages over all four years, with their statistical
errors.

The signal trigger e�ciency is expected to be the same as the lepton pair trigger
e�ciencies, which are estimated to be larger than 99.9% [23]. A value of 100% was used,
and a 0.1% contribution was added to the systematic error.

The systematic error had additional contributions from backgrounds in the tagged
data samples and small discrepancies between simulated and real data. The systematics
from background in the tagged lepton samples was conservatively estimated to be equal to
the background. The e�ect of small di�erences between the real and simulated data was
estimated as the di�erence in the e�ciency as measured with and without smearing the
simulated data to better resemble the real data, amounting to 1.4%. Added in quadrature
and including the 0.1% contribution from the trigger e�ciency, this gave a systematic
uncertainty on the e�ciency of 1.8%.

6 Results

The p=Ebeam distribution for �� candidates is shown in Fig. 3, for background, signal,
and data. The corresponding likelihood distribution (see section 3) is shown in Fig. 4. The
background was completely dominated by tau pairs. No candidates were accepted from
a simulated sample of 186000 Bhabha events (the total real data sample corresponds
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Channel E�ciency-corrected Branching ratio
number of Z0 upper limit

(95% con�dence level)

Z0 ! �� (645�15)�103 1:2� 10�5

Z0 ! e� (630�16)�103 2:2� 10�5

Z0 ! e� (1224�38)�103 0:25 � 10�5

Table 2: Summary of results for the three channels. Errors include systematics.

to about 130000 Bhabha events produced), and the expected luminosity scaled muon
pair background was estimated from simulations to be 5.2 events in the whole sample.
The likelihood function maximized in the unphysical region, giving a most probable
signal branching fraction of BZ0!�� = (�1:9+0:8

�0:6(stat)�0:2(syst))� 10�5. The systematic
uncertainty included the uncertainty on the e�ciency, on the number of Z0, and on the
relative amount of muon pair background. The upper limit at 95% con�dence level was
found to be BZ0

!�� < 1:2�10�5. This limit is stricter than previously published results.
Systematic errors in the sensitivity were accounted for as discussed in section 3. It was
veri�ed that the upper limit did not increase if the background tail above 1.035 (see
Fig. 3) was removed in the likelihood procedure. The stability of the results using the
likelihood method with respect to the lower accepted p=Ebeam value is demonstrated in
Fig. 5.

The Eem=Ebeam distribution for e� candidates is shown in Fig. 6, for background,
signal, and data. The corresponding likelihood distribution (see section 3) is shown in
Fig. 7. The background was completely dominated by tau pairs. The luminosity scaled
Bhabha background was 4.8 events in the whole sample, while the luminosity scaled muon
pair background was estimated from simulated data to be 7:8 events. The likelihood
function maximized in the unphysical region, giving a most probable signal branching
fraction of BZ0

!e� = (�1:7+1:3
�1:1(stat)�0:3(syst)) � 10�5. The systematic uncertainty

included the uncertainty on the e�ciency, on the number of Z0, and on the relative
amount of Bhabha background. The 95% upper limit was found to be BZ0!e� < 2:2 �
10�5. Systematic errors in the sensitivity were accounted for as discussed in section 3. It
was veri�ed that the upper limit did not increase if the background tail above 1.1 (see
Fig. 6) was removed in the likelihood procedure. The stability of the results using the
likelihood method with respect to the lower accepted Eem=Ebeam value is demonstrated
in Fig. 5.

The normalized muon momentum and the normalized electron energy spectra for the
e� candidates are shown in Fig. 8 for luminosity scaled Monte Carlo simulated background
and data. Fig. 9 shows the two-dimensional distribution of the electron energy versus the
muon momentum for data and simulated signal. The signal region was de�ned by the 2�
cuts indicated by lines in the �gure. Zero events passed this cut, which gave an upper
limit at 95% con�dence level of 0:25 � 10�5.

7 Summary

A search for lepton avour number violating Z0 decays in the channels Z0 ! �� ,
Z0 ! e� , and Z0 ! e� has been performed using the DELPHI detector at LEP. The
data were collected during the 1991{94 LEP runs. No signal was found. The results for
the three channels are summarized in table 2. The new limits are roughly one order of
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magnitude lower than the DELPHI results published previously [11]. The most optimistic
realisations of the superstring inspired model with new neutral fermions [4], and of the
E6 GUT model [5], are inconsistent with these limits. The most optimistic realisations of
the models of refs. [6,7] are only slightly below the limits obtained in the present work.
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Figure 1: a) Muon momentum normalized to beam energy for muon pairs. Histogram
is simulation, and black dots are tagged muon pairs in data. b) Radial momentum
distributions. The dashed right histogram is Monte Carlo simulated muon pairs, black
dots are tagged muon pairs in data. The left solid histogram is Monte Carlo simulated
tau pairs, open circles are tagged tau pairs in data. The dotted histogram in the centre
is the simulated �� signal.
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Figure 2: a) Electron electromagnetic energy divided by momentum for electron pairs.
Histogram is Monte Carlo simulation, and black dots are tagged electron pairs in data.
b) Radial electromagnetic energy distributions. The dashed right histogram is Monte
Carlo simulated electron pairs, black dots are tagged electron pairs in data. The left
solid histogram is simulated tau pairs, open circles are tagged tau pairs in data. The
dotted histogram in the centre is the simulated e� signal.
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Figure 3: Normalized muon momentum spectra in �� candidate events. a) Histogram:
luminosity scaled background (from simulation). Black dots: data. Dotted histogram:
signal with arbitrary normalization. b) The signal region. Black dots: data. Solid
histogram: background corresponding to the upper limit signal fraction at 95% con�dence
level. Dotted histogram: signal corresponding to the upper limit. Dash-dotted histogram:
background plus signal.
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Figure 4: The likelihood as a function of the Z0 ! �� branching fraction. The upper
limit at 95% con�dence level is marked by a vertical line.
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Figure 5: Signal branching fraction upper limit as a function of the lower muon p=Ebeam

(electron Eem=Ebeam) cut value for the �� (e� ) analysis.
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Figure 6: Normalized electron energy spectra in e� candidate events. a) Histogram:
luminosity scaled background (from Monte Carlo simulation). Black dots: data. Dotted
histogram: signal with arbitrary normalization. b) The signal region. Black dots: data.
Solid histogram: background corresponding to the upper limit signal fraction at 95%
con�dence level. Dotted histogram: signal corresponding to the upper limit. Dash-dotted
histogram: background plus signal.
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Figure 7: The likelihood as a function of the Z0 ! e� branching fraction. The upper
limit at 95% con�dence level is marked by a vertical line.
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Figure 8: a) Normalized muon momentum for luminosity scaled Monte Carlo simulated
background (solid histogram) and data (black dots) e� candidates. Dotted histogram:
signal with arbitrary normalization. b) Normalized electron energy for luminosity scaled
Monte Carlo simulated background (solid histogram) and data (black dots) e� candidates.
Dotted histogram: signal with arbitrary normalization.
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Figure 9: Normalized electron energy versus normalized muon momentum for e� candi-
dates. Boxes: Expected signal. Black dots: data. The area of the boxes is proportional
to the number of entries in the bins. The lines de�ne the signal region.


