
S E A R C H E S F O R N E W PARTICLES W I T H T H E OPAL D E T E C T O R A T LEP 

K E I T H RILES 

University of California, Riverside 
Riverside, CA 92521 

for the O P A L CoUaboration 

A B S T R A C T 

Results of searches for new particles with the OPAL detector at L E P are presented. We have looked for new 
heavy quarks and leptons, exci ted leptons, and supcrsymrnetric partners of leptons and gauge bosons. N o evidence 
for new particle production is observed, allowing l imits to be placed on Z° branching ratios and on new particle 
masses . Limits are also placed on Z° decays that produce one or more highly energetic photons. 

I N T R O D U C T I O N 

The large numbers of Z° decays observed in the first 
year of data taking at the LEP e~*~e~ collider allow sensi­
tive searches for new physical phenomenon to be carried out. 
Reported here are direct searches for new particles, for rare 
or forbidden decays of the Z°, and for compositeness of the 
Z°. Searches for Higgs bosons, expected both in the Standard 
Model and in its minimal supersymmetric extension, have also 
been performed and are described elsewhere in these proceed­
ings [1]. 

O P A L is a general-purpose in detector [2] with charged 
particle tracking provided by three central drift chamber sys­
tems within a solenoidal magnet ic field of 0.435 T and electro­
magnet ic calorimetry provided by lead-glass blocks. The in­
strumented magnet return yoke provides hadron calorimetry 
and muon detect ion, with 4 layers of additional rauon tracking 
beyond the calorimetry. 

N E W H E A V Y Q U A R K S 

The Standard Model predicts the existence of a top quark, 
the isodoublet partner of the b o t t o m quark. It also accommo­
dates a fourth-generation quark b' that is lighter than the top 
quark. We have searched [3] for the decays t —> bW, t —» 6/7, 
V —> c\V, b' —> bg, b' —> by, and b' —• c / / , where the charged 
Higg particle II is assumed to have a mass greater than 23 
GeV and to decay predominantly into cs final s tates . 

Production of a heavy I or b' quark in Z° decays at LEP 
would give rise to an excess of multihadronic events with large 
sphericalness, which we quantify by the variable 

where P± is the m o m e n t u m component of particle i perpendic­
ular to the direction yielding the minimum of A. Figure 1 
shows the observed acoplanarily distribution for multihadronic 
events, along with the expectat ion from 5 quarks and from a 
top quark with a mass of 35 GeV. 

Requiring A > 0.25 leaves 107 events in the data com­
pared with 92 expected from five quarks. For comparison, a 
t quark with a 35 GeV mass decaying to the b would produce 

Figure 1. Distribution in acoplanarity of hadronic events Tor 
the data (points) , for the five-quark expectat ion (solid) and 
for a top mass of 35 GeV. 

230 events with A > 0.25. From these results, one obtains the 
95% confidence level (CL) preliminary mass l imits shown in 
table 1. 

T a b l e 1. Lower l imits (95% CL) on the mass ( G e V ) of a sixth 
quark derived from an acoplanarity analysis. 

For the production of b' followed by the decay b' -> by, 
one can look directly for the associated photon, which will in 
general be highly energetic and isolated. We have searched 
[4] for isolated photons with a m o m e n t u m transverse to the 
event thrust axis greater than 10 GeV in a sample of 77000 
multihadronic events. 44 events are observed with 38.8 events 
expected from final s tate quark radiation, and from neutral 
hadron backgrounds. The good agreement leads to the fol­
lowing preliminary limit on b' production and decay: 
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N E W H E A V Y L E P T O N S 

A straightforward extens ion of the Standard Mode] allows 

for a fourth generat ion lepton doublet consist ing of a heavy, 

unstable charged lepton and a neutrino partner which may be 

massive . In b o t h hadronic and leptonic decays of the heavy 

lepton, one expec t s miss ing energy and m o m e n t u m because 

of undetec ted neutrinos in the final s tate . T w o searches [5] 

have been performed. T h e first selects events with total miss­

ing m o m e n t u m transverse to the b e a m direction greater than 

1 2 GeV and with visible energy less than 5 5 GeV, where the 

thrust must be less than 0 . 9 5 and there must be less than 2 

GeV of energy within a 6 0 ° cone centered about the direction 

of the miss ing m o m e n t u m . T w o candidates are seen, consis­

tent with expected mult ihadronic backgrounds. 

The second search is for events with an isolated electron 

or muon, miss ing transverse m o m e n t u m greater than 6 GeV, 

and an acoplanarity be tween the isolated lepton and the re­

mainder of the event greater than 2 0 0 mrad. Here and in what 

follows, the acoplanarity of two directions is defined to be the 

acoliuearity of their respect ive component s transverse to the 

b e a m direction. (This is not the acoplanarity defined above 

for the heavy quark search.) N o events satisfy all requirements 

imposed. Combining the two searches, we obtain the 9 5 % CL 

l imits on allowed unstable charged and stable neutral lepton 

masses shown in fig. 2 . 

Figure 2. T h e shaded region indicates charged and neutral 

lepton masses excluded at 9 5 % under the assumption that the 

neutral lepton is stable . 

À less straightforward extension of the Standard Model 

allows for heavy unstable neutral leptons that mix with con­

ventional light leptons . In the simplest model , the mix ing oc­

curs only in the charged-current decay, with neutral-current 

decay forbidden by the GTM mechanism. In other models 

neutral-current mix ing is permit ted , giving rise in addition 

to single product ion in associat ion with light neutrinos. We 

have searched [6] for pair and single product ion, al lowing for 

neutral current decay in both cases . Again , two searches are 

used, one based on miss ing energy and transverse m o m e n ­

tum, the other based on the presence of an isolated lepton and 

another isolated particle, with requirements similar to those 

used in the heavy charged lepton search. Limits are placed on 

the fractional decay widths T(Z° -> L°L°)/r{Z0 -> qq) and 

r(#° _> i /L°or£?L n j /r(^° a s shown in fig. 3 . Because 

of finite-lifetime effects, the l imits shown for pair product ion 

assume a mix ing parameter squared greater than 5 x 1 0 - 7 at 

Mj, = 2 0 GeV, dropping to 1 0 ~ 9 at M^ = 4 5 GeV. Limits are 

shown for the charged- and neutral-current decays separately, 

assuming in each case that the decay proceeds strictly in that 

channel. 

Figure 3 . Upper l imits ( 9 5 % CL) on the fractional widths 

F{Z° ~> L*L°)/r(Z0 -> qq) and F(Z° -» vL%iDL0)/r{Z0 -> 
qq) vs neutral lepton mass for various decay channels of the 

heavy lepton. In each charged-current decay, the coupling 

to the respect ive convent ional l epton flavor is assumed to be 

1 0 0 % . 

E X C I T E D Q U A R K S A N D L E P T O N S 

We have searched [7] for product ion of exc i ted leptons 

/* , decaying via /* —* ^ 7 , both in pair product ion e + e ~ —• 

1*1* —» ll-yj and in single production e + e ~ —> / / * —* 11^. In 

addit ion, we have looked for evidence of e* production in the 

process e + e ~ —• ( e ± ) e : F 7 , where one electron scatters at small 

angles and escapes detect ion. 

T h e effective Lagrangian for the magnet ic transition of 

spin g exc i ted leptons to ordinary leptons is mos t s imply ex­

pressed as 

where Cy — 2 , C^o = cokQ\y — tan^yy, and / / À describes 

the s trength of the coupling. Radiat ive dilepton events are 

chosen where the photon candidate(s ) must have at least 1 0 % 

of the b e a m energy and be isolated from tracks and other 

e lectromagnet ic showers by at least 1 0 ° ( 1 5 ° ) for e,// ( r ) . 

We see no e + e ~ 7 7 events , one fi+ft~jj and no r + r " " 7 7 

events , yielding lower l imits on m c * , n y , mT* of 4 4 . 9 GeV 

at 9 5 % CL. For single /* product ion, we observe 2 9 e + e ~ 7 , 

1 9 / i + / i ~ 7 , and 2 7 r+r~y events , where we expect 31.3DT0.6, 

2 1 . 8 ± 1 . 6 , and 2 5 . 9 ± 3 . 0 events , respectively, from conventional 

backgrounds. T w o c ± 7 events are seen, consistent with the 

2 . 6 ± 0 . 2 events expec ted from radiative Bhabha scattering. 

T h e g o o d agreement be tween expectat ion and observation 

permits placing the 9 5 % CL limits on m/* and / / À shown 

in fig. 4 . 
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Figure 4 . Upper limits on the coupling / / A vs the mass of 
the excited leptons: a) e", b) //*, and c) r*. The dash-dotted 
limit in a) is derived from ( e ± ) e T 7 events. 

S U P E R S Y M M E T R I C PARTICLES 

Supersymmetry (SUSY) predicts a large number of new 
particles, many of which could, in principle, be produced at 
LEP energies. We have searched [8] for pair production of 
scalar leptons (partners of charged leptons) l (=ê,/7,f) and 
of charginos (partners of charged W and Higgs bosons). 
Each type of particle is expected to decay into final states con­
taining conventional particles and the photino 7 , which is as­
sumed to escape detection. One thus expects events with large 
missing energy and momentum, as for heavy charged lepton 
production. We search for four topologies: acoplanar electron 
pairs, rnuon pairs, low-multipu'city pairs of jets, and pairs of 
high-multiplicity jets. The first three are sensitive to slep-
ton production and to purely leptonic decays of the chargino, 
the last to hadronic decays of the chargino. Acoplanarity re­
quirements arc 10° for the electrons, 20° for the muons and 
low-multiplicity jets, and 50° for the high-multiplicity jets. No 
events are observed for the first three searches, while 11 arc 
seen for the fourth, consistent with the 12±4 events expected 
from hadronic Z° decays. Figure 5a-c shows the resulting lim­
its on right-handed mt and (mass limits on left-handed 
and degenerate-mass sleptons are slightly higher). Since the 
hadronic and leptonic branching ratios of the chargino are not 
uniquely defined, we show in fig. 5d resulting limits on mx± 
for arbitrary hadronic branching ratios and for two values of 
the photino mass (0 and 20 GeV). The three leptonic decay 
widths are assumed to be equal. 

We have also searched [9] for neutralinos, the SUSY part­
ners of neutral gauge vector and lliggs bosons, where the 
lightest of the neutralinos is believed to be stable and un­
detectable. We therefore look for c~*~e~ —• \x' where x a n f l x' 
arc the lightest and ncxt-to-lightcst neutralinos, respectively, 
and where x' ~^ x f I anc^ x' ~* XI «we the assumed domi­
nant decay modes ( / / are fermion-antiferrnion pairs). Again, 
the undetected \ Particles lead to events with large missing 
energy and momentum. 

A jet-finding algorithm is applied to each event and the 
resulting number of jets required to be two, where both jets 

Figure 5. a-c) Mass limit (95% CL) contours for right-handed 
sleptons and photinos. d) exclusion contours for chargino mass 
and chargino hadronic branching ratio. Curves labelled a and 
c assume zero photino mass; curves b and d assume a photino 
mass of 20 GeV. 

must have at least 1 energetic charged particle and a direction 
not too near the beam direction(|cos0| < 0.8|), and where the 
acoplanarity between the two jets must be greater than 25°. 
In addition, the total visible energy must be less than half the 
cm. energy, and the missing transverse momentum must be 
greater than 5 GeV. No candidates satisfy these requirements. 

The decay x' ~* XI leads to the dramatic signature of a 
single energetic photon. We demand exactly one electromag­
netic shower with energy greater than 10 GeV, no other shower 
with energy greater than 2 GeV, and no accepted tracks in the 
central drift chamber. To remove cosmic-ray backgrounds, it 
is required that there be no signals in the muon chambers 
or hadron calorimeter indicating the passage of a muon. In 
addition, the shape of the electromagnetic shower must be 
consistent with that of a photon originating from the beam 
collision point. With these requirements, one candidate event 
is observed ( E T = 11 GeV), consistent with the 0.6 events ex­
pected from the background e + e ~ —> vvy. To obtain limits 
on B(ZQ -* x x ' ) independent of the relative branching ratios 
°f x' -* Xff aT*d x' -* Xli we combine the two analyses. For 
each point in the ( m x , m x i ) plane, the value of B(x' —• Xl) 
that gives the worse limit on B ( Z ° -* x x ' ) is taken. The 
resulting conservative limits on B(Z° —> x x ' ) a*"e shown in 
fig. 6. 

R A R E OR F O R B I D D E N Z° D E C A Y S 

Zn decays that produce highly energetic photons could 
indicate new physical phenomena. We have searched [10] for 
the forbidden decay Z° —• 7 7 , for the rare decays Z° —• 7 7 r ° , 

Z° —• 777, and moTC generally, for the decay Z° —• 7 ,Y, where 
À' is a multihadronic final state. 

The cleanest signature for Z° —• 7 7 , Z° —> 7 7 r n ( 7 r n —> 
7 7 ) , and Z° —> 7rç(rç —» 7 7 ) is quite dramatic. One ex­
pects two back-to-back electromagnetic showers, each con­
taining the full beam energy, with no charged tracks present. 
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Figure 6. Upper limit (95% CL) on B(Z° x'x) for m x» v j 
m x : contours A) 1.5 x H T 4 , B) 2.0 x 10" 4 , C) 3.0 x 1 0 ~ 4 , and 
D) 5.0 x 1 0 " 4 . 

Because of the appreciable probability of photon conversion, 
however, the signature e + e ~ ~» 7 ( e + e ~ ) is also considered 
in this analysis, where the electron pair is highly colli mated. 
It is required there be at least two electromagnetic showers, 
each with | cos# | < 0.90 and having more than 20% of tlie 
beam energy, at least one of which must be isolated by more 
than 45° from any charged tracks. Tn addition, the acolin-
earity angle between the two showers must be less than 5°. 
The QED process e+e~~ —» 7 7 is expected to yield 102 events 
satisfying all selection cuts, while 97 are observed in the data. 
Assuming the signal events are all from the QED process, 
then one obtains the cross section < r e + e - _ f T 7 ( | c o s # 7 | < 0.90) 
= 30.7±4.1 pb, where the QED expectation is 32.1 pb. By 
fitting the cross section's dependence on >/s, one obtains the 
following 95% CL limits on the contribution from Z° decays: 
B{Z° - > 7 7 ) < 1.3 x K T 4 , B(Z° - > 7 x ° ) < 1.3 x 1 0 ~ \ and 
B(Z° -> -yv < 1.9 x lO" 4 . 

One may also examine the differential cross section to 
search for a deviation from QED expectation parametrized 
according to the following: 

da a2 1 + c o s 2 0 , s2

 2 _ (1 ± — r ( l ~ c o s 2 ^ ) ) 
dU s l - c o s 2 r 2 A i 1 ; ; 

where A± are cutofT parameters of the electron propagator. 
Fitting the differential distribution shown in fig. 7, we obtain 
the lower limits A + > 110 GeV and A_ > 95 GeV at 95% CL. 

Finally, from the search [4] for multihadronic events with 
isolated, energetic photons used to exclude h1 —» 67 decays, 
one may also place b'mits on the general process Z° —> yX 
where X is a multijet hadronic system that is assumed to 
decay according to phase space. We find F(Z° - > 7A') < 3.2 
MeV at 95% CL. 

C O N C L U S I O N 

No evidence is seen for the production of new particles, 
for any violation of QED expectation on the Z° resonance, or 
for the compositeness of the Z°. Lower limits are placed on 
masses of various new particles that can be pair-produced in 
Z° decays, and simultaneous limits on masses and couplings 
are derived for particles that can be singly produced in Z° 
decays. Our results are in agreement with those from other 
searches for new phenomena in Z° decays carried out at LEP 

Figure 7. The measured differential cross section da/dft for 
e + e ~ —» 7 7 (points) and the QED expectation (solid). The 
dashed curves show the expectations for A+ = 110 GeV and 
A_ = 95 GeV. 

and SLC [11-14]. The Standard Model remains in exasperat-
ingly good shape. 
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