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ABSTRACT

The total UA2 data sample at the CERN pf) Collider corresponds to an integrated
luminosity of 910 nb1. Limits on various hypothetical processes , such as production
of excited electrons , additional charged or neutral vector bosons , or supersymmetric
particles , are presented from the analysis of this sample.



474

I. INTRODUCTION

The UA2 detector at the CERN pp collider has collected data over a period of four years,
corresponding to integrated luminosities of 142nb~' at ./s = 546 GeV and of 768 nb~' at
/s = 630 GeV. Using this data sample, we report on a search for hypothetical new particles, so-called
“exotic” particles, which are predicted to be produced at the CERN pp collider with observable rates,
by many theoretical models.

In section 2, we summarize the relevant features of the UA2 data analysis and event samples. We
present limits on excited_electrons, e” via the decay W - €”» - ew, in section 3. In section 4,
through the decays Z - ee ce and Z = WW, we set limits on the masses of the supersymmetric_partners
of the electron, €, and of the W boson, W. In sections 5 and 6, via the processes pp + qq, qg and gg,
we discuss limits on the masses of the supersymmetric partners of quarks, g, and gluons, g, in the case
of an unstable or stable partner of the photon, y or photino. Finally, we set limits on the masses of
possible charged, W', or neutral, Z’, additional vector bosons, in section 7.

2. DATA ANALYSIS AND EVENT SAMPLES

The UA2 detector has been described in detail elsewhere [ 1]. The data presented here are obtained
from various triggers :
a) single electron candidates are obtained from the W triggers, which select electrons or photons with
transverse energies above 11 GeV,
b) electron pairs or photon pairs from the Z triggers, which select two electrons or photons separated
in azimuth by at least 60° and with transverse energies above 6 GeV,
c) multijet events from the inclusive jet triggers, which select events with a summed transverse energy
of at least 25 GeV in a 120° azimuthal slice of the central calorimeter.
These triggers are exclusively constructed from calorimeter signals. As a result, the W and Z triggers are
dominated by hadronic final states. However, their efficiency at detecting electrons or photons is close
to 100%.

We refer the reader to previous publications for the detailed description of the standard UA2
electron selection criteria [2-4], which are applied in the off-line analysis. They essentially require a
good matching between a track segment, reconstructed in the tracking chambers, a large signal in the
preshower detectors, and an energy deposition in the calorimeters, compatible with that expected from
an electromagnetic shower. In the forward/backward region, the presence of the magnetic field is used,
to require in addition good matching between the measured momentum and energy. The global
efficiency, e, of these electron cuts was measured to be (73 + 7)% from the W — ev analysis. This
result was obtained for electrens of energy above 30 GeV. For lower values of the electron erergy, we
have two independent evaluations of the selection efficiency :

a) test bearn data show that the efficiency for 5 to 20 GeV electrons should be 80 to 90% of that for
40 GeV electrons,

b) a study of low-mass electron pairs, where we expect to observe a significant contribution from the
Drell-Yan continuum, has led us to conclude that the efficiency of the standard cuts for 10 GeV
electrons is only (60 + 15)% of that for 40 GeV electrons.

We have established that this discrepancy between the test beam results and the data is entirely due to
the cuts on the preshower detectors, and, when studying processes involving low energy electrons, we
have therefore relaxed these cuts in the following way :

a) in the central region, the threshold on the preshower signal is decreased from 3 to 2 minimum
ionizing particles, the maximum allowed distance between track impact and preshower signal is
increased from 10 to 20 mm, and the isolation cut on the preshower signal is removed.

b) in the forward/backward region, where the rejection of the electron selection cuts against
background from hadronic jets is higher than in the central region, the preshower cuts are relaxed
completely.
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This procedure eliminates most of the energy dependence of ¢, and we have checked that relaxing the
other electron cuts does not introduce any unexpected increase in the observed signal from Drell-Yan.

For similar reasons, the selection of photon candidates is less strict than that of a previous
analysis of single isolated photons [5]; in particular, most of the photon isolation criteria are relaxed,
and the global efficiency, e, for identifying a photon is 50%. Half of the inefficiency arises from the
30% probability that a photon fails to convert in the 1.5 radiation length thick converter situated in
front of the preshower detectors.

For the analysis involving hadron jets (sections 5 and 6), we use the standard UA2 jet cluster
algorithm [6]. We have restricted the sample to jets well contained in the UA2 central calorimeter
(Inl < 0.85, where 7 is the pseudorapidity of the jet ams). The response of the UA2 central calorimeter
has been studied in great detail over the past years [6], and the effects of fragmentation and detector
response on the parton energies have been included in the Monte-Carlo simulation.

3. SEARCH FOR EXCITED ELECTRONS

Excited lepton states are expected in models in which leptons are composite particles [7]. In a
previous publication [3], we reported results of a search for excited electrons in UA2 through the decay
sequence :

W e~ eyv. m

In this section we extend this analysis to the full UA2 data sample, which consists of 5340 events
containing at least one electron candidate with transverse momentum above 11 GeV/c [4]. Of these
events, only 24 contain also a photon candidate with transverse momentum above 10 GeV/c. These
events are compatible with background from jet pairs, where one jet fakes an electron and the other jet
fakes a photon. In addition, if we require that the missing transverse momentum be larger than
10 GeV/c, none of these events survives, whereas more than 95% of the events originating from
process (1) survive (the exact number depending upon the mass of the excited electron).

To interpret this result, we have performed a Monte-Carlo simulation of this process in the UA2
detector. We have taken the assumption that the W couples to the transition magnetic moment of the

e”-v current [8], thus producing an effective Lagrangian, which conserves gauge invariance, and can be
written as :

L = (gl/2AWM) W, e"0%® qgvp + he (2)

where g is the SU(2) coupling constant, A represents the coupling strength, and M" is the mass of the
excited electron. The assumptions used to derive expression (2) for the Lagrangian have also been used
in a search for excited leptons in e*e~ collisions [9].

From the Monte-Carlo simulation, we extract the ratio R(M*) of the accepted cross-section for
. 9 . - .
process (1) to the cross-section, o, for the process pp = W = ey, as a function of M~ and using
A = 1. The number N of expected eventsis then :

N" =X RMYoLe e, 3)

where o = 0.57 nb [10], L = 910 nb~! is the total integrated luminosity and &g, €., are the electron
and photon selection efficiencies quoted in section 2. We have included in the geometrical acceptance
for process (1) the effect of the granularity of the UA2 calorimeter, which requires a minimum opening
angle of 20° between an electron and a photon to separate efficiently the two energy clusters.
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From the absence of candldates for process (1), we extract a 95% confidence region in A- e
space (using equation (3) with N* = 3) for which the existence of excited electrons is excluded. This
region is shown in Fig. 1 with the most recent and stringent limits from e*e~ data [9,11].

It should be noted that the Lagrangian of equation (2) contains only chiral fields and assumes
CP-invariance. Given these assumptions, limits on excited electron masses from (g-2) values are weaker
than those shown in Fig. 1 [12].

4.SEARCH FOR ¢ AND W IIN Z DECAYS

In this section, we study low-mass electron pairs as a possible signal for supersymmetric particles.
More precisely, we consider the following processes :

pp+Z+.~€c+..>ee7y *.. )
where the y escapes detection (stable photino), and

PP+Z+. - WW+. wecevv +.. (5)
where the v escapes detection (stable v or v = v v ).

These processes are characterized by final states containing two electrons and missing transverse
momentum. The data analysis is therefore performed using the total UA2 data sample from the Z
triggers. As discussed in section 2, the electron cuts of the W - ev analysis are relaxed to obtain an
efficiency independent of the electron energy. These cuts are however applied to both electron
candidates, contrary to the Z analysis of Ref. 4, in order to reduce the dominant background from fake
electron pairs at low values of the electron pair mass, Mge. We obtain a total of 57 candidate electron
pairs with Mg, > 10 GeV/c?.

Fig. 2 shows the distribution of Mg versus the projection, pT7, of the electron pair transverse
momentum on the bisector of the azimuthal angle between the two electron momenta. The majority
of the events are concentrated at small values of pp”, as expected from standard processes or
background. However, in the case of processes (4) and (S) a large fraction of the events will appear at
large values of p7, as illustrated by the dashed area in Fig. 2, where about 75% of Z - e e and
Z - WW decays observable in UA2 are expected. The quanuty pT" was chosen to discriminate
processes (4) and (5) from standard processes, because it is experimentally the best measured
component of the electron pair transverse momentum, and also because the missing transverse
momentum cannot be used in this kinematic range due to the incomplete coverage of the UA2
detector.

Of the 39 events from the UA2 Z sample [4], 2] remain in Fig. 2. Most of the remaining events
are concentrated at mass values near the kinematic threshold, in a region still dominated by
background. For the-36 events of Fig. 2 with Mg, < 70 GeV/c?, we estimate the background to be
(20 + 1) events, using the same method as described in the Z analysis of ref. 4, which assumes that, in
a two-jet event, the probability that one of the jets satisfies the electron selection criteria is independent
of the fragmentation of the other jet. The signal from genuine electron pairs is therefore (16 + 6)
events. This number was used to extract the value, e, = (60 + 15)%, quoted in section 2 for 10 GeV
relative to 40 GeV electrons.

We have simulated processes (4) and (5) in order to estimate their contribution to Fig. 2. We have
then performed a likelihood fit to the distribution of Fig. 2, taking into account the expected
contributions from background, from the Drell-Yan continuum, which is the dominant standard
process allowed by our kinematic cuts and electron selection criteria, and from processes (4) and (5).
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The limits obtained are shown in Figs. 3a and 3b as 90% confidence level contours in Mg - M
and My - M, space respectively. The limits of Fig. 3a are valid for a stable photino and assume ey,
and eR to be degcnerate in mass. The limits of Fig. 3b assume that the W is a pure gaugino and that
the branching ratio for W = e is 33%. The proper helicity-conserving amplitudes were used for the
W decay [13). The limits in Fig. 3a assume conservatively that Miy > Mz/2, and the limits in Fig. 3b
assume that Mg > Mz/2.

To better understan the difference between the results of Figs. 3a and 3b, we can compute the
ratios R = T(Z —» €e)T(Z - ee), and Ry=TZ-WW )/F(Z - e ¢) [14,15]. For small e and
W masses Re ~ 0.5, whereas Ry, ~ 9.2. These numbers show that, in Z decays, W are produced more
abundantly 1han e and explain the better mass limits obtained by UA2 for the W case (Fig. 3b) as
compared to the € case (Fig. 3a).

The hatched areas of Figs. 3a and 3b show how the limits vary if we increase the expected
Drell-Yan contribution by 50% to take into account the larger higher-order QCD corrections (K
factors) expected for Mege around 20 GeV/c (K ~ 2) as compared to Mge = Mz (K ~ 1.3). The
most up-to-date results from searches for € and W at e*e~ machines (PETRA and PEP) [16] are also
shown in Figs. 3a and 3b. In the W case, the UA?2 results improve significantly on the e e~ limits.

S. SEARCH FOR q AND g IN THE CASE OF AN UNSTABLE PHOTINO

In hadronic machines, the dominant sources of supersymmetric particles are &ﬁ, c]'g~ and gg
production [17]. In most models, the photino is expected to be much lighter than the g and q. In this
and the following section, we assume that the g decays into qqv, and the q into qg (if ‘V[ > M “) or
into qy (if M < Mg“)

In this section, we consider the case of an unstable photino, which decays into vH, where the
nature of H is different in the framework of global [18] and local [19] supersymmetry. The missing
transverse momentum spectrum expected in the final state is much softer than that expected in the case
of a stable photino (see section 6). The final state contains_2 photons, n jets (where n lies between 2
and 6 depending on the production subprocess and the q, g masses) and small missing transverse
momentum (from the 2 H).

In order to achieve a good rejection against the very large background expected from QCD
processes, we have analysed the full UA2 data sample obtained from the Z triggers, selecting those
events with at least two photon candidates of transverse momentum above 6 GeV/c each and of
invariant mass above 10 GeV/c2. We obtain a sample of 309 pairs of such photon candidates, most of
which are single or multiple 79’s (see ref. 5 for a detailed discussion of backgrounds to single photons
in the UA2 experiment). In general, these pairs are not accompanied by jets of large transverse
momentum. In particular, we observe no event with a photon pair mass above 10 GeV/c? and two
jets with transverse momentum larger than 10 GeV/c. This translates into an observed cross-section
smaller than 12 pb at the 90% confidence level. The photon detection efficiency is taken to be 50% as
quoted in section 2,-and we have checked from the data themselves that it is not reduced by the
presence of nearby jets if the angle between the photon and the jet is larger than 45°, (in the
simulation, we require a minimum angle of 45° between the photons and the final state partons).

We have performed the Monte-Carlo simulation using the cross-sections of ref.19, a standard set
of structure function parametrsations with AQcD = 200 MeV [20] and the gluino fragmentation
distributions suggested in [21]. As in ref.19, we assume that there are five flavours of q, all degenerate
in mass. All decays are assumed to be isotropic and a simulation of the response of the UA2 central
calorimeter to jets is included (see section 2).
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We obtain production cross-sections which are 30% lower than those of the ISAJET
program [22], but this difference is well within the theoretical uncertainties. The experimental cuts and
the geometrical acceptance result in an overall efficiency ranging from 10~ to 10~ !, when the q,g
masses increase from 10 to 60 GeV/c?.

The results are shown in Fig. 4a as 90% confidence level contours in the g versus q mass plane
We exclude q masses betwzcen 9 and 46 GeV/c? and g masses between 15 and 50 GeV/c2
Fragmentahon effects and higher-order terms result in an uncertainty of a few GeV/c? on the limits in
the regions of small g and q masses. The limits in the high-mass region are insensitive to the value of
the photino mass, provided that it remains smaller than ~ 30 GeV/c?. However, the limit on the q
mass goes down from 60 GeV/c? to 46 GeV/c? if the glumo mass increases ﬁ'om 100 GeV/c? to
1000 GeV/c?, whereas the limit of 50 GeV/c? on the g mass is unchanged if the q mass becomes very
large. Finally, we note that these results are not sensitive to the exact value of the photino lifetime if
the average decay path in UA2 remains smaller than ~ 1 cm, which is the case for photino masses
larger than 1 GeV/c? in the frasnework of global supersymmetry [17], and for all photino masses in the
framework of local supersymmetry [18].

6. SEARCH FOR q AND g [N THE CASE OF A STABLE PHOTINO

We retum now to the case where the photino is the lightest supersymmetric particle, and is
therefore stable. In this case, hadronic production of q and g results in final states with two to six jets
and missing transverse momentum, pT™. In contrast to section 5, where the requirement of two
photons considerably reduces the hadronic background from multijet events, we have now to deal
directly with this background, particularly since large pT™ can be faked in UA2 by a jet escaping at
polar angles 6 smaller than 20° with respect to the beams, or depositing only a small fraction of its
energy in the forward-backward calorimeters.

We are thus led to look for multijet final states with large pp™. We select an initial sample
of 31075 two- or three- jet events, where each jet has a transverse energy above 12 GeV, and with at
least one pair of jets with azimuthal separation A¢ such that :

a) A¢ < 95° to satisfy the single jet trigger threshold of 25 GeV (see section 2) and

b) 4¢ > 15° to reject beam-halo background.

In the following, we call third jet a jet, which is present in the event in addition to the pair of jets,
which passes these cuts. Of this initial sample, 1506 events have pp™ > 30 GeV/c. In order to reject
events, where a jet, entering the forward-backward calorimeter, has deposited only a small fraction of
its energy, thus simulating a large value of pT™, we require in addition that :

a) the total energy deposited in. the forward-backward calorimeters be less than 12 GeV and

b) the azimuthal separation between the vector sum of the central calorimeter jet transverse momenta
and the vector sum of the forward-backward calorimeter cell transverse energies be less than 135°.
These cuts reduce the sample to 203 two- or three-jet events with pT™ > 30 GeV/c.

This large number of events does not allow us to exclude possible q or g production. We
therefore retain only-three-jet events, with pp™ > 30 GeV/c. Of the thirteen events which remain,
after applying the cuts described above, twelve events have similar configurations, where the third jet is
the jet of largest transverse energy. Such configurations are not expected in supersymmetric processes,
and we therefore require that this third jet have transverse energy less than 40 GeV. After this last cut
one event remains, which is identified as a W - ev decay accompanied by two jets (one of the three
jets is in fact an electron).

This analysis leads to an observed cross- section of less than 8 pb at the 90% confidence level,
from which we can extract limits in the \i" plane, as shown in Fig. 4b. Because of the more
stringent kinematic cuts applied than in the case o:g an unstable photino, the limits of Fig. 4b are not as
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good as the ones of Fig. 4a. Neither are they as gOC\h as the most recent preliminary limits from
UAI [23], due to the better coverage in polar angle of the UAI detector. We recall that, in the stable
photino case, a lower limit .\ICI > 23 GeV/c? is obtained from experiments at PETRA [11], as shown
in Fig. 4b.

7. SEARCH FOR ADDITIONAL VECTOR BOSONS

Additional vector bosons arise naturally in the framework of many possible extensions of the
minimal SU(2); x U(l) standard model of electroweak interactions, whether it be through
right-handed currents (24), composite models [25], or various models derived from superstring
theories [26]. Limits have been extracted on heavy Z bosons from neutral current data in the
framework of specific models [27} and from a theoretical analysis of UA] and UA?2 data [28].

In the following, we extract general limits on additional charged or neutral vector bosons,as a
function of their mass, \iwf 7 their coupling to quarks, Ay, and their branching ratio to electrons,
B, where )‘q and B, are nornalized 1o the standard model cglues We choose these variables, because
the cross-section, o, for the production of an additional vector boson and its subsequent electronic
decay, is :

o= oo)\de, 6)

where o is the cross-section for standard couplings. We assume that :

Twz =Twz -Mw,z/Mwz. M
where T'yy 7/ and T'yy 7 are the widths of the additional and standard vector bosons respectively.

We have simulated W’ and Z’ production and decay in UAZ2, using the structure function
parametrisation of ref. 29. We have then performed a likelihood fit to four data samples, using the
electron transverse momentum spectrum, for the case of W’, and the invariant mass spectrum of the
two electrons, for the case of Z’ :

1) for My > Myy, we use the standard UA2 sample [4] of 251 W - ev candidates with electron
transverse momentum, pT%, larger than 20 GeV/c and with an electron-neutrino transverse mass larger
than 50 GeV/c?. We recall that one W = e candidate has a very large value
of pT€, pT® = 77 GeV/c, which is unlikely for W - ey decays not accompanied by jets [4]. We also
note thatfor a W’ of mass 160 GeV/c? and with standard couplings, we should observe 15 events with
pC between 70 and 80 GeV/c,

2) for Mz- > Mz, we use the final UA2 sample [4] of 39 Z - e”e” candidates with
Mg > 76 GeV/c?,

3) for My~ < Myy, we use a sample of 1300 electron candidates with pT® > 12 GeVic and no jet
activity at opposite aamuth to the electron. These events are dominated by background from jets,
which fake the electron signature, and their estimated contribution is included in the likelihood fit. The
results are not very sensitive to the exact knowledge of the background, since the expected signal from
a light W’ is of the same order of magnitude,

4) for Mz < Mgz, we use the low-mass pair sample of Fig. 2, which contains 21 Z - e"e”
candidates.

The results are shown in Figs. 5a and Sb, for W’ and Z’ respectively, as 90% confidence level
contours in the \’IW' 7 versus AgA. plane. In principle, we would be sensitive to additional W’ and Z°
almost degenerate in mass with the standard vector bosons, because they would result in observed rates
for W —« ev or Z - e"e” larger than the theoretical predictions. In practice, our cross-section
measurements [10] and the theoretical predictions are subject to large uncertainties, thus precluding the
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obtention of any significant limit. We also note that the mass limits of Figs. Sa and 5b are affected by
an overall uncertainty of +5 (GeV/c?, due to the structure function uncertainties and to the uncertainty
on the absolute electron energy scale.

An additional W with My < 25 GeV/c? would have been seen at the ISR and at PETRA.
Similarly, an additional Z* with Mz- < 50 GeV/c? would have been detected at PETRA. We therefore
conclude from Figs. Sa and 5b that additional vector bosons with masses smaller than the standard
ones are excluded for couplings to quarks and leptons similar to the standard model ones.

In the high mass region, we exclude a W’ with My < 209 GeV/c? and a Z’ with Mz < 180
GeV/c?, for standard couplings. We note, however, that, for A;?B. < (15, no limit on the existence of
additional W’ or Z’ can be obtained from our data. Most models derived from superstring theories [27]
predict at least one extra Z boson with a reduced coupling to quarks, Ag? ~ 0.2, and with B, varying
from 0.3 to 1.0 depending upon the masses of the new particles predicted by these models. Our data
do not exclude any significant region in Fig. 5b for AqZBe values between 0.06 and 0.20.

8. CONCLUSIONS

The analysis of the total UA2 data sample has led to improved limits on various exotic processes,
involving excited electrons, supersymmetric particles (¢, W, q, g) and additional vector bosons. In
particular, we exclude q masses between 9 and 46 GeV/c? and g masses between 15 and 50 GeV/c? in
the case of an unstable photino. We also exclude additional W’ of masses less than 209 GeV/c? and
additional Z’ of masses less than 180 GeV/c?, if their couplings to quarks and leptons are the same as
for the standard vector bosons, except if they are degenerate in mass with the standard W and Z.
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FIGURE CAPTIONS

. Limits on excited electrons shown as 95% confidence level curves in A - M space, where A is

the coupling strength and M" the excited electron mass. Also shown are the most recent limits
from e e~ experiments (CELLO at PETRA).

Distribution of electron-pair mass, Mg, versus the best measured component of the electron
pair transverse momentum, p'}, for a sample of 57 events containing 21 Z + e*e” candidates
and 16 £ 6 Drell-Yan pairs after background subtraction. Also shown is the dashed area,
where most of the electron pairs from Z -+ ¢é¢ or Z - WW decays are expected.

a) In the case of a stable photino, limits on the ¢ and y masses obtained from the sample of
Fig. 2 and shown as 90% confidence level contours. The dashed area illustrates the theoretical
uncertainty on Drell-Yan production arising from higher-order terms (K-factors). Also shown
(dashed curves) are the most recent limits from e*e~ machines.

b) Withthe assumptions quoted in the text, same as a) for the W and » masses.

a) In the case of an unstable photino, limits on the g versus q masses obtained from an
analysis of photon pairs accompanied by jets and shown as 90% confidence level contours.
b) In the case of a stable photino, same as a) obtained from an analysis of three-jet events
with large missing transverse momentum.

a) Limits on an additional charged vector boson W’, obtained from an analysis of single
electron candidates and shown as 90% confidence level contours in My~ versus quBe space,
where Ag, the W’ coupling to quarks, and B, the W’ branching ratio to electron-neutrino, are
normalized to the standard model values.

b) Same as a) for an additional neutral vector boson Z’ from an analysis of electron pairs.
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