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Abstract

Based on a sample equivalent to 365,000 hadronic Z° decays, the search in
DELPHI data for pairs of leptons accompanied by a pair of charged particles
is described. A total of 11 events were found in the electron channel, 9 in the
muon channel and 7 in the tau channel. Results on lepton pairs with a radiated
photon are also presented. The data from all channels are compatible with the
expectations from standard processes. However, one event was found in the tau
channel with an unusually high mass of the charged particle pair.
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1 Introduction

* This letter describes a study of events con51st1ng of a lepton pair and one pair of
charged particles recorded in the DELPHI detector at LEP. The lepton pair, Al , may
be ete” ,u ¢~ or 7F7~. The other pair of particles, hereafter called V, can be elther a
lepton pair or a hadron pair. Events of this type can be produced through second order
QED processes, when an off-mass-shell photon from initial or final state bremsstra.hlung
materializes into a pair of fermions. Calculations of rates and differential distributions
have been made in reference [1]. These snnple final states are of interest for several
reasons. They allow one to extend the precision tests of QED from the final states with
a real photon radiated to the case where a virtual photon 1s produced. ‘Also, although
they are rather rare, they can be a significant background in searches for the Higgs
bosons[2]. Finally, an anomaly in the production rate or distribution of events could
be a mgna,l of new physics beyond the standard model. A possible small excess in the
ete~ptp~ channel was suggested in 1990 by the AMY collaboration[3], Workmg in the
TRISTAN/KEK accelerator, and later the ALEPH collaborat10n[4] reported an excess of

7t77V events. In July 1991 the MarkII[5} collaboration using data taken at PEP/SLAC

and the OPAL[6] and the DELPHI[7] collaborations using data from LEP/CERN all
quoted no discrepancies with the standard model. More recently, the AMY collaboration
reported that with the increase in statistics, their data are not significantly diﬂerent- from
expectations{8].

The data analyzed here were recorded by DELPHI during 1990 and 1991 in a sample
corresponding to 365,000 hadronic Z° decays. The events were taken at centre of mass
energies between 88.2 and 94.2 GeV with 74% at the peak of the Z? cross section; the
integrated luminosity was 15.7 pb™~'.

The organization of the paper is the followmg in section 2 a descr1pt10n of the essen-
tial features of the DELPHI detector is given. In section 3, the Monte-Carlo simulation
is presented. The event selection is explained in detail in section 4 and the event iden-
tification is described in section 5. In section 6, the results are given, and in section 7 a
check with #£+ events is presented. Finally conclusions are drawn in section 8.

2 Apparatus

An exhaustive description of the DELPHI detector can be found elsewhere [9]. The
specific properties relevant to this analysis are now described.

Charged particle tracks are measured iri the 1.2 Tesla magnetic field by three cylindrical
tracking chambers: the Inner Detector (ID) covers polar angles from 30° to 150° at radii
12 to 28 cm, the Time Projection Chamber (TPC), the main tracking device, covers polar
angles from 20° to 160° and radii between 35 and 111 cm and the Outer Detector (OD)
covers polar angles from 43° to 137° at radii between 198 and 206 crm.

The Microvertex Detector (VD) consists of three independent half-shells inserted be-
tween the beam pipe and the ID. Each half-shell contains concentric layers of microstrip
detectors located a radii 6.3 (only for 1991 data), 9 and 11 cm. They measure the trans-
verse coordinates and cover polar angles from 43° to 137°. It was used in the analysis
after the event selection to check on possible photon conversions occurring between the
VD and the TPC sensitive regions.

The electromagnetic energy is measured by the High Density Projection Chamber
(HPC) in the barrel and by the Forward Electromagnetic Calorimeter (FEMC). The
HPC has nine layers of lead and gas covering polar angles from 43° to 137° and radii




between 208 and 260 cm. The FEMC has lead glass blocks covering polar angles from
10° to 36° and from 144° to 170°.

Hadron shower energies are measured by combining the measurements from the
Hadron Calorimeter (the instrumented iron return yoke for the magnet), covering po-
lar angles from 10° to 170°, and the electromagnetic calorimeter.

Muons are identified by their penetration through the yoke to the Muon Barrel (MUB)
and Forward (MUF) chambers, which have layers embedded in and outside the iron yoke,
and cover polar angles from 9° to 43°, from 52° to 128° and from 137° to 171°. The
calorimeters also distinguish hadron or electromagnetic showers from minimum jonizing
particles.

The Small Angle Tagger (SAT) was used to measure the luminosity. It consists of an
electromagnetic calorimeter covering polar angles from 43 to 135 mrad. '

3 The simulation of known physics processes

At the Z° pole, the main processes contributing to the £+¢~V signal are the Z° decays
into leptons and the t-channel photon exchange, both with virtual photon production
providing the other pair of charged particles. There is a small contribution to the signal
from multiperipheral and conversion-type diagrams|1].

The generation of the £*£~V events uses a Monte-Carlo program that is derived from
the one described in reference [1], but with the Z° diagrams added to the photon ones.
The electromagnetic coupling constant is assumed equal to 1/128 for the Z° propagator
and 1/137 for the photon propagator. This generator program does not include ini-
tial radiation, hence the cross sections obtained were multiplied by a correction factor
depending on the energy in the centre of mass (0.74 at the Z° peak).

The program was modified to account for final states containing a pion pair. This was
done by generating £*{~utu~ events, changing the muon pair in a pion pair, and then
weighting each of them with a factor taken from the experimentally measured ratio R of
77~ production to uFpu~ production[10] in low energy ete™ annihilations. This factor,
used up to a V mass of 1.6 GeV, takes into account both the resonant mass dependence
around the p region and the different angular decay distributions for pion and muon pairs.
Final states containing other hadron pairs have a contribution one order of magnitude
smaller [11] and were not simulated.

A total of 500 events (about 250 pb~') were generated for each final state, requesting
pair invariant mass greater than 50 MeV/c? and polar angle greater than 15° (except for
the 7+7-V channel). They were submitted to the full detector simulation{12] allowing
for all decays and interactions, and the results were processed by the same reconstruction
and analysis programs as the raw data from LEP.

In addition to the simulated £¥£~V events, other sets of generated events were also
passed through the detector simulation, reconstruction and analysis programs in order to
estimate the background. The data samples used comprised 20 pb~?! of simulated Bhabha
events (ete™ — e*e™(v)) from the program BABAMC[13], 35 pb™! of simulated Muon
events (ete” — u*u~(v)) from DYMU3[14], 50 pb~" of simulated Tau events (ete~ —
7777(v)) from KORALZ{15] and 25 pb™! of simulated hadronic events (ete~ — qg(+))
from JETSET7.3[16].
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4 Event selection

The charged particle multiplicity distinguishes £~V events from most dilepton and
hadronic final states. Candidate events are required to have four charged particles or,
to accept 7777V events in which one of the 7 decays into 3 charged pions, six charged
particles. Background events come from 7+7~ events with 3-prong decay of one or both
of the 7’s, {*{"~ events where the photon converts, and hadronic jets at small angles
to the beam, where the efficiency for reconstructing particles is low. In order to reduce
these backgrounds, the characteristic topology of £T£~V events is exploited, favoring a
quasi 3-body configuration, and with a wide range in the invariant mass of the £V system
(constrained in the T+7~ events) or of the V pair (peaked at very low masses in the
contribution from real photon conversions).

In the following subsections the successive selection criteria will be described in detail.

4.1 Selection of charged particles

Charged particles must come from the interaction region within 6 cm along the beam
direction and within 3 cm in the transverse plane ( 4 c¢m for polar angles lower than
40° or greater than 140°). They should have a polar angle between 25° and 155°, and
momentum greater than 0.2 GeV/c. Events must have four or six charged particles and
balance charge. If there were only four charged particles, up to two additional charged
particles not coming from the interaction region were allowed; these may be the result
of an associated photon conversion. To remove photon-photon interactions the sum of
the absolute momenta of the charged particles must be above 15 GeV (see figure 1) and
there must be at least two jets. The jet topology was determined using the jet cluster
algorithm JADE[16] with default parameter y.,; = 0.05.

At this first level about 4100 events were kept.

4.2 Suppression of 777~ background

The background from 7+7~ events can be much reduced by applying a cut on the
lowest invariant mass of all possible triplets of particles: in a perfectly reconstructed
tau decay, this mass should not exceed 1.7 GeV, while for the signal no such constraint
is present. For the sample with four charged particles a minimal mass of 2.5 GeV/c?
was imposed on all combinations of three charged particles. For the sample with six
charged particles, all possible combinations of three charged particles with total charge
+1 and invariant mass lower than 1.7 GeV/c? were counted. Events with one and only
one such combination (a 7 decay candidate) and an invariant mass of the other three
particles greater than 2.5 GeV/c® were retained. The particles composing the accepted
combination were substituted by the vector sum of their momenta, reducing this case to
four charged particles. ‘

Figure 2 shows that the triplet mass spectrum is dominated up to 1.6 GeV/c? by the
7 into 37 contribution. The reliability of the Monte Carlo simulation of the 37 mass
distribution was verified using selected decays of the 2% into 777-[17]. It can be seen
that the 2.5 GeV/¢? cut removes most of this background; the contamination remaining
in the final sample was estimated to be 1.640.5 events. This contribution comes from
events in which one of the charged pions has suffered a nuclear interaction in the material
between the decay vertex and the TPC, resulting in a badly reconstructed 7 mass. Above




1.6 GeV/c?, the excess above the expected £7£~V signal is mainly due to the background
from hadromc events and leptonic events with converted photons.
_ After the mass selection 316 events remained.

4.3 Rejection of converted photons

Photon conversions are recognized since they give two charged particle tracks which
have almost the same polar angle and very small invariant mass. In the transverse plane
the circular trajectories of the two tracks are almost tangent. Therefore, for every pair of
particles, the transverse trajectories were extrapolated to the point where the tangents
were parallel and the distance between them was smallest. The pair was considered
a converted photon if at that point the invariant mass was below 85 MeV/c? and the
distance between the trajectories was less than 4.5 ¢cm. For particles with momentum
lower than 0.6 GeV/¢, the cut was increased to take into account multiple scattering
effects. For the sample with six charged particles, the three particles making the 7
candidate were not used. In figure 3 the invariant mass of the pair is shown, comparing
data and signal Monte-Carlo simulation (multiplied by 100). No events from the Bhabha
and Muon Monte-Carlo simulated samples survive this selection.

These cuts removed 246 events and thus 70 candidate events remained.

4.4 Removal of hadronic background

The preferred topologies of £7£~V events are 1-3 (i.e. 2 jets with the V and one lepton
in the same jet) and 1-1-2 (i.e. 3 jets with the V in a separate jet), while hadronic
background due to lost tracks often have 2-2 and 1-3 configurations. Hadronic events in
1-3 topology are highly suppressed by the previous triplet mass cut. The events with 2-2
topology were rejected. With this cut 39 of the 2-2 type events were removed from the
70 candidate events. This criterion is stable for variations of up to £0.03 in the y ¢
parameter.

The 39 events removed had more extra-tracks, that is tracks not extrapolating to the
interaction region, and very few identified leptons; indeed, only 6 out of the 31 remaining
candidates had extra tracks, while 23 out of the 39 2-2 events had at least one extra track,
and only 4 out of the 39 2-2 events had an identified lepton (3 candidate muons with
momentum greater than 5 GeV/e, and 1 candidate electron with energy greater than
5 GeV/c). These results confirm that the rejected sample mostly contained qg events.

The quasi 3-body configuration of the {*£~V events was used as a further selection, to
eliminate hadronic events with undetected particles. After merging the two particles that
make the V into a single particle, the resulting configuration should be planar, even for
7tV events, since in this case the charged decay products follow closely the direction
of the tau. Therefore the sum of its three internal angles should be approximately 360°.
Rejecting the events for which there is no combination of two oppositely charged particles
for the V giving a sum of angles greater than 357°, 2 out of the 31 candidates were
removed. The efliciency of this cut is high for the signal: 99% for the ete™V and utu~V,
events and 83% for the 77~V events. _

Finally, in hadronic events, large amounts of hadronic energy not associated to charged
particles can be expected, due to neutral particles and charged particles lost in the forward
region, while for the #7#~V events this is not the case: 99% of the simulated e*e~V and‘
pt 1~V events and 95% of the simulated 777~V events deposit less than 10 GeV in the




hadronic calorimeter unassociated .to charged particles . Therefore 2. candidates which
had deposits of unassociated hadronic energy greater than 10 GeV were removed.

After all the selectlons 27 ca,ndlda,te events were retamed whlch constltuted the ﬁnal
sample B '
‘ Applylng this ana1y51s to'the srrnula,ted qq background sa.mple 1. 8:!:1 O events survive

the cuts. :

However, as the q@ Monte-Carlo programs are not well tested in the low charged
mult1p11c1ty doma.m, an estimate of the hadronic background was made from the data.
In this estimation the events with unbalanced charge were used, since the incomplete
hadroni¢ events are not necessarily balanced in charge. In-fact, before the topology: cut,
where the other main backgrounds were already highly suppressed, 39 balanced charge
events and 32 unbalanced charge events were found with topology 2-2. Removing the
charge conservation cut, 2 unbalanced charge events surviving all the other cuts were
found. However, after inspection, one of these two events was identified as a £*{~V event
where there was a wrong charge identification in one of the tracks (0.7 events are expected
from the £V Monte-Carlo). Therefore, according to the ratio of the hadronic samples in
the balanced and unbalanced charge events, the remaining hadromc background in the
candidate sample is estimated to be 1.2+1.2 events.

This is in good agreement with the above Monte Carlo estimate; taking the welghted
average one gets 1.60.8 events..

5 Identification of events

The 27 candidate events were classified as 7t~ V, ete"Vor utu™V, according to the
multiplicity, the total measured energy, and the lepton identification.

To define the V, each pair of oppositely charged particles was merged into a smgle
one. If the resultmg 3-particle configuration had the sum of its three internal angles
hlgher than 357°, the pair was chosen as the V candidate. When more: than ‘one such
pair existed, and if the two particles composing the V were not identified as leptons of
different flavour, the one with the lowest mass was taken.

5.1 Identiﬁcation_ of 7t7~V events

Events with 6 charged particles, or events with 4 charged particles and sum of their
absolute momenta lower than 65 GeV/c and total electromagnetic energy below 65 GeV,
were considered 7777V events. This cut retains 86% of the simulated 777~V ‘évents,
while the contamination from simulated e¥e~V or - H ,u Y events is 1%. There were 7
events classified as 7t7~V. ' ' '

All events but one contained at least one identified electron or muon, a condition which
was not imposed on the selection and which confirms that the candidate events are not
significantly dominated by hadronic background. The spread in mass of the lowest mass
triplet of charged particle tracks and the fact that at'least one particle of this triplet
was identified as a lepton in 5 out of the 7 7~V events, also excludes any significant
contamination due to poorly reconstructed 7+7= deca,ying into 3=. The total background
to this channel is estimated, as described in the previcus sections, to be 1. 6:1:0 5 events
from rtr~ background and 1.6+0.8 events frorn hadronlc background '




52 Identlﬁcatlon of e+e A4 and u p~V events

The remalnmg 20 events were, cla551ﬁed as ete V or u+u~V events.

Out of these 20 events, 11 events were identified as ete~V by demanding that one of
the leptons (not making .the V) had. Eem/p between 0.6 and 1.7, where Fem was the
energy measured in the electromagnetic calorimeter and p the measured momentum.

Of the remaining 9 events, 7 had hits in the muon chambers associated to one of the
charged particles not making the V, and were classified as ppV events. Of the other 2
events, one had both leptons with Eem/p below 0.1 and E},q/p below 0.1 (Eha,d is the
energy measured in the hadronic calorimeter associated to the particle) and so was also
classified as upV event. The other event had one lepton with E},q/p below 0.1 and
Eem/p = 5.9 and the other lepton with Ey,q/p and Eem/p below 0. 1 It was assumed
to be a uuyV event where the radiated photon was collinear with one of the muons.

5.3 Classification of the V

If a particle making the V was energetic, it was classified using the electromagnetic
calorimeter and muon chambers information. Lower energy particles were identified using
the energy per unit track-length deposited in the gas of the TPC (dE/dx).

In all candidate events except one, at least one of the particles of the V was successfully
identified (with some ambiguity between muons and pions for low momentum particles)
and the V was compatible with being a particle-antiparticle pair.

The information from the Microvertex Detector was used to confirm that photon
conversions were properly eliminated by the cuts described in section 4.3. Of the 8 V’s
with mass below 0.4 GeV/c? falling within the acceptance of the VD, 7 had associated
hits in it, whereas most of the conversions should take place after this detector.

6 Results

The properties of the 27 candidates are given in table I { Ia- for 1990 data, Ib- for 1991
data). The results of this analysis are summarized on tables II and III. Figure 4 shows
the distribution of the centre of mass energy of the events, ECM. Figures 5 to 7, show
the comparisons of invariant masses and V energy between the observed data and the
expectations for the signal. The invariant mass of the pair £~ (the leptons not making
the V), my;, was calculated as the recoil mass from the V, for all events except the one
with the V mass of 17.5 GeV/c?. For this last case, a x? 4-Constraint kinematical fit
of the four particles momenta {(one being the tau candidate, i.e, the vector sum of three
particles) was performed to improve the errors on the calculated masses (the values of
the masses for the V or £7¢~ have not changed significantly from the previous methods).

Within the statistics there is a reasonable agreement between data and Monte-Carlo
predictions. There are however small discrepancies with the expected behaviour. On figu-
re 4, there is an indication of a spread in centre of mass energy of the 7+ 7~V candidates.
There is also a small peak of 3 low V mass events and an event with an unusually high
V mass (17.47£0.17 GeV/c?) in the 7+7-V channel (figure 5-b)). The three events with
a low V mass had a centre of mass energy out of the Z° peak, and were characterized by
a very energetic V..

The high V mass event is shown in figure 8. In this event the V is composed of two
identified muons recoiling against a 25.840.8 GeV/c? invariant mass 7+~ system. The
mass resolution for this event was calculated from a x? 4-constraint kinematical fit of the




4 particles momenta. The number of events with a V mass greater than 10 GeV/c? and
£*{~ mass lower than 40 GeV/¢? predicted by the £*£~V Monte Carlo is 0.013+0.013.

7 Checks on /{vy events

Another test of universality in the three leptonic channels was done by studying the
production of ££y events. This is directly related to the search for heavy excited charged
leptons decaying into two normal leptons plus a photon, an analysis already published by
DELPHI[18]. This analysis also corresponds to a total of 365,000 hadronic events. The
event selection requested two charged particles with polar angles between 25° and 155°
plus a photon with energy above 2 GeV and with an isolation angle with respect to the
nearest charged particle larger than 30°. Table IV gives the number of events selected
for each channel together with the Monte Carlo expectations from standard Z° decays;
for this analysis the selection on the centre of mass energy that was used in reference[18]
was removed. '

Table V gives the result of a modified study in which the minimum isolation angle for
the photon was reduced to 15°, therefore covering an angular region similar to that of
the £V analysis.

As can be seen in the tables, the number of events found is in agreement with the
standard Monte Carlo predictions.

8 Summary and conclusion

A search for /+£~V events with the DELPHI detector was performed on a sample cor-
responding to 365,000 hadronic Z° decays. The results indicate no anomalous behaviour
in any of the three channels, e*e”V, ptu~V and 777°V.

The final sample shows a small excess in the low V mass region for the 777~V channel,
although of no strong statistical significance. An event was found with an unusually high
V mass of 17.47+0.17 GeV/c? composed of two identified muons, recoiling from a 7++=
system with invariant mass of 25.840.8 GeV/c?. :

An independent test on universality of the three lepton channels on £*#~+ events,
shows a good agreement between data and expectations.
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Table II
Observed numbers of events compared to the expected numbers of events; £*£~V is the
expected signal, £* £+ represents the added contribution from Bhabha and Muon
background simulated samples, 7+7~ is the 7+7~ background sample and qg is the
hadronic background sample.

Channel Data Monte-Carlo Expectations
' Signal Background
Ye~ 1990|1991 |Total| €6V {4dy 77 qq
ete” 0 |11 {11 |95+£1.1]0 0 0
pFu 1 3 161 9 |93£09[0 0 0
rtr= 2 5 7 139+04] 0 1.6£0.5 1.6+0.8
Total ) 22 | 27 [22.7£1.4] 0 1.6+0.5 1.6+0.8

Table ITI
Distribution of the candidates according to the V classification, as described in the text.

(¢~ [V=ee|V=pupu[V=rn[V=pu,nr|V= 7] Total

ete” 2 ] 0 3 1 11

ptp=| 5 1 1 2 - 9

tr=| 3 3 1 - 7

Total | 10 9 2 5 27
Table IV

Number of £¢4 events found for each channel, and number of events expected from
standard processes (photon isolation greater than angle 30°).

Channel { Observed | Expected
€€y 166 169 + 13
By 123 126 + 10
TTY 75 72+6
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Table V
Number of ££y events found when the minimum photon isolation angle 4., is reduced to
15°, and number of events expected from standard processes.

15° < 8., < 30° 6, > 15° _
Channel | Observed | Expected | Observed | Expected
eey 23 2443 189 193+15
HAEY 29 18+2 152 144+11
TTY 10 11£1.5 85 8317
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Figure captions

Figure 1. Sum of the mqmentd of the charged 'pérticles. o

Figure 2. Invariant mass of the 3 nearest charged particles, for events with only
four tracks and total charge zero. The solid line represents the data, the dashed line
represents the Monte-Carlo for the simulation of 77~ background, and the dotted line
represents the Monte-Carlo for the signal for a luminosity corresponding to hundred times
the luminosity of the data sample. - :

Figure 3. Smallest invariant mass (assuming the same azimuthal angle) of all possible
combinations of two charged particles.The solid line represents the data, and the shaded
region represents the Monte-Carlo for the signal for a luminosity corresponding to ten
times the luminosity of the data sample.

Figure 4. Distribution of the centre of mass energy for the ete”V and ptu~V (a))
and 77V (b)) candidate events, ‘

Figure 5. Distribution of the V invariant mass for the ete™V and u*p~V (a)) and

77V (b)) candidate events (line}, compared to Monte-Carlo simulation for the signal
(shaded). '

Figure 6. Distribution of the invariant mass of the £+¢~ pair for the e*e~V and

ptp~V (a)) and 77V (b)) candidate events (line), compared to Monte-Carlo simulation
for the signal (shaded).

- Figure 7. Distribution of the energy of the V for the ete~V and ptu~V (a)) and 77V
(b)) candidate events (line), compared to Monte-Carlo simulation for the signal (shaded).

Figure 8. Display of the 777~V event with higher mass for the V (17.540.2 GeV /c?).
The particles composing the V appear on the left side, giving hits in the outer layers of the
muon chambers, classifying the particles as muons. On the right side, a cluster of three

charged particle tracks with invariant mass lower than 1.7 GeV/c?, and a well separated

track with associated hadronic energy are seen, identifying the event as 7t7~V. The
energy in the centre of mass is 89.5 GeV, the mass of the V is 17.474+0.17 GeV/c?, and
the mass of the 777~ system is 25.840.8 Ge\//c2 (the mass of the system recoiling from
the V). Other characteristics can be found in table Ib) (event 28271/3370).
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DAS: 22-0c-1991
13:08:1¢
Scan:  24-Jun-1992

DELPHI Interactive Analysis
Beam:  d4.8GeV Run: 28271
Proc  28.001991 Evt: 3370
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