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Abstract 

Quantum mechanics predicts an exponential distribution for the decay time of massive particles. However, deviations are 
expected for decay times shorter than about 10-A’ s in models conjecturing the existence of hidden variables. Following a 
recent proposal, the decay length distribution of 5843 T leptons decaying into 3 charged particles was analyzed in search 
of such a deviation. The deviation from an exponential distribution with respect to the number of decays present within the 
exponential form, expressed as the relative weight of an excess at zero decay length, was measured to be 1.1% & 1.4% f 
3.5% . This result is consistent with zero deviation and leads to an upper limit of 8.5% and a lower limit of -6.3% at the 
95% confidence level. 

Theories exist which suggest that the shape of the 
decay time distribution of unstable particles is not ex- 
ponential. The Z&t-to effect [ 11, for example, main- 
tains that an unstable particle, when monitored at suf- 
ficiently small intervals of time, will live longer than 
a particle monitored infrequently. However, these ef- 
fects are usually calculated to be apparent only in the 
very short or very long decay time regions (e.g. be- 
low lo-t4 70 or above 190 70 [ 11, where 70 is the life- 
time). No deviations from the exponential decay law 
have been observed experimentally [ 21 and the decay 
distribution has always been assumed to be exponen- 
tial. 

Theories of hidden variables have been proposed 
as an alternative to quantum mechanics. For example, 
the theory of non-local hidden variables of the Bohm- 

’ Also at TRIUMF, Vancouver, Canada V6T 2A3. 
2 Royal Society University Research Fellow. 
3 Institute of Nuclear Research, Debrecen, Hungary. 

Bub type [3] suggests that the decay time distribu- 
tion of massive particles may not be exponential [ 41. 
It states that quantum mechanics is a description of 
a thermodynamical equilibrium of the system. So, if 
a state occupying only a partial volume of the phase 
space is prepared, only measurements which are per- 
formed very quickly after its production will exhibit 
the pre-equilibrium effects. Otherwise, after a charac- 
teristic relaxation time (hypothesized by Bohm to be 
r M lo-t3 s [ 31) the equilibrium forces will fill phase 
space and yield normal quantum mechanical expecta- 
tion values for any subsequent measurements. To ob- 
serve the pre-equilibrium state a double measurement 
scheme is needed, with a small time interval between 
the measurements. Bohm suggested an experimental 
set-up capable of checking whether massive particles 
are influenced by the Bohm-Bub type of hidden vari- 
ables, but this set-up has never been realized. Other 
experiments, such as those mentioned above [ 21, did 
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not include the specific features needed to check for 
the existence of hidden variables of the Bohm-Bub 
type: two consecutive collapses with the correct time 
scale between them and more than one non-zero col- 
lapse channel in each decay. 

In a recent proposal [4], motivated by the idea of 
hidden variables of the Bohm-Bub type, an alternative 
to the double measurement scheme was suggested us- 
ing two sequential decays - Z” into r+~- and r into 
three prongs. Only 7 decays occurring very quickly 
after the r has been formed are expected to have sensi- 
tivity to deviations from quantum mechanics. That is, 
deviations from the standard exponential distribution 
may occur at short decay times, corresponding to short 
decay lengths, though there is no precise prediction 
for the magnitude of the effect. An observed deviation 
from an exponential in one decay channel would open 
the possibility of time dependent branching ratios [ 41. 

Following this proposal, we have analyzed three 
prong 7 decays in search of an excess of decays with 
small decay lengths. The r lepton was chosen be- 
cause it is an elementary particle, its lifetime is of or- 
der lo-t3 s, its decays can be selected with almost 
no background at centre-of-mass energies near the Z” 
resonance and because its decay length to three prongs 
can be measured. This analysis is based on data col- 
lected in 1992 and 1993 with the OPAL detector at 
LEP, corresponding to an integrated luminosity of 58 

pb-‘, collected at centre-of-mass energies near the Z” 
peak. A complete description of the OPAL detector 
can be found elsewhere [ 51. Of particular importance 
for this analysis is the silicon micro-vertex detector, 
which provides precise determination of track param- 
eters in the Y - 4 plane [ 61. 

The selection of r pair events and the three-prong 
lifetime analysis are described in full in Ref. [ 71. The 
major points of the lifetime analysis are that candidate 
three-prong decays were selected from the 7 pair sam- 
ple by requiring that a thrust hemisphere contain ex- 
actly three tracks of net charge f 1. These three tracks 
are fitted to a vertex in the plane transverse to the 
beam axis and the three dimensional decay length is 
determined using the beam spot and the event thrust 
axis. The decay length is corrected to account for the 
variation in the average energy of the r lepton at each 
centre of mass energy. 

Since the analysis is very dependent on both a good 
resolution of the decay length measurement and a pre- 

cise knowledge of this resolution, some of the cuts are 
different from those of the lifetime analysis. Firstly, 
the mass of the three-prong candidate is required to 
be less than 1.8 GeV. Secondly, in order to only use 
events with precise silicon micro-vertex detector in- 
formation, 1 cos t9~rustl is required to be less than 0.85. 
At least one silicon detector hit per track is required, 
and each track is required to have a fit probability > 
0.1%. Thirdly, the x2 probability of the vertex fit must 
be greater than 5%. Fourthly, the error on the decay 
length, typically 1 mm, must be less than 3 mm. Only 
three-prong candidates having decay length within the 
interval [ -15, +25 mm] are considered. This selec- 
tion yields 5843 three-prong 7 decays, which is ap- 
proximately 40% of the total number of three-prong 
decays. The fraction of low multiplicity multi-hadron 
events in the ~sample is estimated to be 0.25 It 0.25%. 
No other contamination is found. 

To test for deviations from exponential behaviour, 
the decay length distribution is fitted with a likelihood 
function equal to the true decay length distribution 
smeared with a Gaussian resolution function Specif- 
ically, there are three free fit parameters: L, the av- 
erage decay length of the exponential component (in 
mm), S, the decay length error scaling factor (for each 
event i, vi, the calculated error on the decay length, 
is replaced by S . CL), and D, the deviation from the 
expected exponential, expressed as a fraction of the 
total number of such decays present within the expo- 
nential form. In a conventional lifetime analysis D is 
zero. As all proposed deviation schemes point to the 
short decay time region, the decay length deviation, 
in the case of enhancement, is taken in the form of a 
delta function distribution at zero decay length. As a 
further check, a constant enhancement distribution be- 
tween 0.0 and 0.5 mm was also examined, giving rise 
to similar results (the value of 0.5 mm corresponds to 
the lo-l3 s time scale hypothesized by Bohm) . Neg- 
ative deviations (D < 0) are treated differently. To 
parametrize these deviations we take a form where the 
decay probability for events with decay length 1 < 1, 
is zero, where 1, is such that integrating from zero to 1, 
over the expected exponential form yields D. We also 
use a compensating probability normalization proce- 
dure for the loss, due to decay length window cuts, of 
long lived r candidates; for a given set of parameters 
L, S and D, where Y is the expected fraction of events 
outside the window, we replace the full-window like- 
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Table 1 
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Results of the two and three parameter fits to simulated events for different values of the deviation parameter D 

Simulated D -4% 0 f4% 

2-parameter fit L (mm) 2.37 f 0.02 2.30 f 0.02 2.21 f 0.02 

s 0.937 f 0.011 0.977 f 0.011 1.000 f 0.011 

3-parameter fit L (mm) 2.31 & 0.02 2.30 f 0.02 2.27 f 0.02 

s 0.961 f 0.012 0.973 f 0.011 0.964 i 0.012 

D (%) -2.6 f 0.6 +0.4 f 0.5 +3.2 f 0.7 

lihoodp byp/(l -r). 
We have tested our ability to detect a deviation at 

zero decay length by applying the three-parameter fit 
to a sample of about 20000 events generated by the 
full detector Monte Carlo simulation described in [ 71. 
The input lifetime was 303 fs which corresponds to a 
mean decay length of 2.30 mm. The fit returned the 
values shown in Table 1. 

The results of a 2-parameter fit demonstrate the sen- 
sitivity of the lifetime measurements to non-zero val- 
ues of D. The imperfection in the reproduction of D 

by the three-parameter fit is due to a strong correla- 
tion between D and S. We have checked the detection 
power of the fit procedure on real data by adding a 
sample of zero decay-length fake r’s to the selected 7 
sample. These are three-prong vertices which are se- 
lected from multi-hadron events and satisfy the r de- 
cay selection cuts. The fit to the r sample containing 
these fake r vertices returns a D value of + 11.9% 
f 1.6% which is consistent with the additional zero 
decay length component of 9.2%. Therefore, we con- 
clude that within the limitations set by systematic and 
statistical uncertainties, we are able to detect a zero 
lifetime component. 

Several sources of systematic errors have been con- 
sidered: 
- Dependence on accelerator operation mode and 

Table 2 
Dependence on angle and accelerator operation mode of the D 

parameter 

1 -parameter fit (D in %) 

Running period 92, part 1 92, part2 93 

1 cos &I > 0.707 6.7 f 2.5 7.2 f 4.5 0.2 & 1.8 
( cos (b71 < 0.707 -0.6 + 1.9 0.7& 3.5 -3.8 f 1.7 

- 

event angle: We have examined our results as a 
function of time periods corresponding to changes 
in the accelerator operation mode. Because the 
beam spot in LEP possesses a high aspect ratio, 
we have also checked our method as a function 
of the azimuthal orientation of the event thrust 
axis & by differentiating between events with 
]cos&I > 0.707 and 1 cos&j < 0.707. L and S 
were fixed to their fitted values for the whole sam- 

ple. The results are shown in Table 2. Computing 
the variance of the six values and subtracting the 
contribution of statistical fluctuations, we assign a 
413.2% uncertainty to the value of D. This is the 
dominant systematic error. 
Misevaluation of decay length errors: Contributions 
to the decay length errors from tracking errors were 
investigated by changing the tracking errors in a 
reasonable range and noting the effect on the scale 
factor. These studies indicate a 5% uncertainty on S, 
corresponding to a 1.2% uncertainty on D. This er- 
ror is consistent with the variations seen in S in the 
subsamples of Table 2. The sample of zero decay 
length three-prong vertices described above con- 
firms that the errors on their decay lengths are well 
described. 
Beam-spot position uncertainties: Monte Carlo sim- 
ulations show a depletion of the zero decay length 
region of the decay length distribution when the 
beam-spot position is mismeasured. One can eval- 
uate the difference between the assigned and the 
actual beam spot positions by examining the time 
variations of the multi-hadronic events main vertex 
position inside a run. The accuracy of the assign- 
ment is conservatively estimated to be 50 i 50 pm 
for both horizontal and vertical directions. This cor- 
responds to a depletion in the zero decay length re- 
gion of 0.5 f 0.5%, and is used as a correction to 
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Table 3 

Summary of systematic uncertainties 

Cause Uncertainty Correction 

angular dependence 
uncertainty in S 

beam spot position 
remaining background 

total 

f 3.2% 0.0% 
f 1.2% 0.0% 

f 0.5% 40.5% 

* 0.25% -0.25% 

f 3.5% 0.25% 

the final result. 
- Backgrounds: Residual background from multi- 

hadronic events in the three-prong sample is esti- 
mated from Monte Carlo studies to be 0.25&0.25%. 
This is a correction to the final result and a contri- 

bution to its systematic uncertainty. 
- Effect of cuts: Tightening the vertex x2 probability 

cut and the decay length error cut had a negligible 
effect on the result, as did widening or shortening 
the decay length window. 
The various sources of systematic uncertainties are 

summarized in Table 3. It is possible for the result to 
be biased by the selection cuts. For example, were hid- 
den variables to favour specific regions of phase space, 
they could also favour specific three-prong opening 
angles. Since decay length errors are correlated with 
decay opening angles, any deviation in the zero de- 
cay length region could be removed by a cut on this 
error. We conclude that the formation of bias through 
the introduction of cuts is possible, but since their 
evaluation would be uncertain and model dependent, 
we have not considered such biases when estimating 
the errors. Another possibility for the introduction of 
a bias is that a deviation formed by hidden variables 
favouring small decay opening angles (corresponding 
to large errors on the decay length) would not be de- 
tected by the fit since such events are given a smaller 
weight. So, the limit resulting from this work is only 
valid if the error distribution of events due to unse- 
laxed hidden variables is the same as the normal error 

Table 4 
Results of the 2 and 3-parameter fits to the data 

1.5 2 2.5 
Deeayhgthkm) 

g 103”“‘““‘““‘““““” m ’ I ’ ’ ’ ’ 

Y 

2 - 
$ 102r 
& : 
co 
k I 10 
z 

1 

-1.5 -I -as 0 0.5 1 1.5 2 25 
Decay Len%h (cm) 

Fig. 1. Decay length distributions for the data collected in 1992 
and 1993. The solid line represents the maximum likelihood 

three-parameter fit. 

distribution. 
The fit to real data, after applying the above cor- 

rection, is presented in Table 4. For completeness, al- 
though the fit procedure is a maximum likelihood one 
using the full window [ - 15, 25 mm], we quote the 
x2 as calculated for the 11 bins in the [ -2.5,3.0 mm] 
decay length window, which is the most sensitive to 
the signal. The two-parameter fit yields a lifetime of 
290.713.9 fs, in agreement with that presented in [7]. 
The three-parameter fit is presented in Fig. 1. We show 
in Fig. 2 the data compared with the predictions of the 
two-parameter likelihood fit of the lifetime and scale 
factor, setting the deviation D to 0% (represented by 
the zero line of the plot), -3%, + 1.1% (result of the 
three-parameter fit), and +5%. 

In conclusion, we have searched for a deviation 
from exponential behaviour in the zero decay length 
region of the three-prong decay length distribution of 
the r lepton. The analysis is based on a three-parameter 

L (mm) s D (%) x2 per degree of freedom 

2-parameter fit 2.219 zt 0.030 0.952 f 0.020 6.9/9 
3-parameter fit 2.236 f 0.039 0.944 zt 0.022 1.1 f 1.4 5.718 
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0 

-20 

-40 

D=-3% 

1 

Decay length (cm) 

Fig. 2. Residual distributions. The points with error bars repre- 

sent the residual difference (data - model) between the data and 

the two-parameter curve of the fitted value of L and S with the 

deviation parameter D set to 0. The lines represent the residual 

differences with respect to zero deviation expected for various val- 
ues of the deviation parameter D: -3% (dot-dashed line), +l.l% 

(result of the fit, dashed line), and +5% (dotted line). 

fit, where the third free parameter is a measure of the 
excess or depletion of events in the zero decay length 
region. An analysis of 5843 r -+ three-prong decays 
results in a deviation from an exponential distribution 
which is consistent with zero. It is expressed as the 
relative weight of the excess at zero decay length with 
respect to the number of decays present within the 
exponential form, and is measured to be I. 1 %f 1.4%f 
3.5%. This leads to an upper limit of 8.5% and a lower 
limit of -6.3% at the 95% confidence level. 
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