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Abstract

A total of 235698 Z0 — An® and 21527 20 — An® decays were selected from data
obtained by the NA48/1 experiment at CERN. From this sample, the lifetime of the
=0 hyperon was measured to be (3.065£0.012,, £0.014,,.,) X 10719 5. This result is
about two standard deviations above the world average and an order of magnitude
more precise than the previous best measurement. With the same data sample, we
have measured the ratio of 20 and Z° fluxes in proton collisions at 400 GeV /c on a
beryllium target.




1 Introduction

The lifetime of the doubly strangeness-carrying neutral hyperon Z° is an important
input to measurements of other Z° parameters. As an example, when converting the
branching fraction of =% beta-decays into the corresponding partial decay width to
extract the parameter |V,;/, the total Z° decay rate error represents one of the largest
external uncertainties.

Several experiments in the 1960’s and 70’s measured the Z° lifetime, yielding a
world average of 7=0 = (2.90+0.09) x 1071% s [1], based on an integrated data sample
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of less than 8000 events. In the last 30 years, no new measurements of the Z° lifetime
have been published.

Here we report on the precise measurement of the =° and =0 lifetimes, using data,
samples recorded with a minimum bias trigger by the NA48/1 experiment in the
year 2002. From the same data set we have also determined the Z° and =9 fluxes
and their ratio as function of the energy.

2 Experimental Set-up

The NA48/1 experiment took data in 2002 at the CERN SPS. A beam of neutral
particles was produced by a 400 GeV/c proton beam impinging on a Be target in
4.8 s long spills repeated every 16.8 s. The proton beam intensity had a mean of
5 x 109 particles per pulse and was fairly constant over the duration of the spill.

In the NA48/1 set-up, only the Kg target station of the NA48 double Kg/K|,
beam line was used [2]. A sweeping magnet deflected charged particles away from
the collimators, which selected a beam of neutral long-lived particles (Kg, K, A,
=% n, and ). The defining collimator was located 5.03 m down-stream of the target
and had a circular aperture of 1.8 mm radius, followed by a final collimator, ending
6.23 m down-stream of the target with a radius of 3 mm. To reduce the number
of photons, a 24 mm thick platinum absorber was placed between the target and
the collimators. The target and collimator positions were chosen in such a way, that
the beam axis passed through the centre of the electromagnetic calorimeter. The
production angle between the proton beam direction and the axis of the neutral
beam was 4.2 mrad. A right-handed coordinate system is defined with the z-axis
pointing in direction of the former K beam and the y-axis pointing upwards.

The collimator was followed by a 90 m long evacuated tank, with a diameter
between 1.92 and 2.4 m and terminated by a 0.3% Xy thick Kevlar window. The
detectors were located down-stream of this region to detect the products of the
particles decaying in the volume contained by the tank. On average, about 1.4 x 10*
=0 hyperons per spill decayed in the fiducial decay volume, dominantly into the Ax®
final state used in this analysis.

The momenta and positions of charged particles were measured in a magnetic
spectrometer. The spectrometer was housed in a helium gas volume and consisted
of two drift chambers before and two after a dipole magnet with vertical magnetic
field direction, giving a horizontal transverse momentum kick of 265 MeV/c. Each
chamber had four views (z, y, u, v) with two sense wire planes each. The u and v
views are inclined by £45° with respect to the z-y plane. In the chamber located
just down-stream of the magnet, only x and y views were instrumented. The space
points, reconstructed by each chamber, had a resolution of 150 pm in each projection.
The momentum resolution of the spectrometer was measured to be o,/p = 0.48% &
0.015% x p, with p in GeV/c. The track time resolution was about 1.5 ns.

Photons were measured with a 27 radiation lengths deep liquid-krypton electro-
magnetic calorimeter (LKr). It was read out longitudinally in about 13500 cells
of cross-section 2 X 2 cm?. The energy resolution was determined to be op/E =



3.2%/VE ® 9%/ E & 0.42%, with F in GeV. The spatial and time resolutions were
better than 1.3 mm and 300 ps, respectively, for photons with energies above 20 GeV.

Other detector elements were only used at the trigger level. An iron-scintillator
sandwich hadron calorimeter, 6.7 nuclear interaction lengths thick, followed down-
stream of the LKr. It provided a raw measurement of the energy of hadron showers. A
segmented scintillator hodoscope for charged particles, with a time resolution better
than 200 ps for two-track events, was located between the spectrometer and the LKr
calorimeter. Also, seven rings of scintillation counters (AKL) were placed around the
decay volume and the helium tank of the spectrometer to detect activity outside of
the detector acceptance. A more detailed description of the NA48/1 beam-line and
detector can be found in [2].

The events used in the analysis described here were selected with a minimum bias
trigger. This trigger required at least one hit in the hodoscope for charged particles, a
hit pattern in the drift chambers consistent with coming from two charged tracks, no
hit in either of the last two rings of the AKL, and energy depositions of either 15 GeV
in the LKr calorimeter or 30 GeV in the LKr and hadron calorimeter together. This
minimum bias trigger was down-scaled by a factor of 35. The trigger efficiency for
the =% — An? selection was determined to be (99.77 + 0.03)%, with no observed
dependency on the spectrometer polarity.

In addition, a software trigger was applied for Z° — A7n® candidates. This trig-
ger performed a rough selection using on-line track and cluster information. The
efficiency of the software trigger was measured to be (99.88 + 0.05)%.

After applying the trigger selection, the data sample consisted of about 1.2 x 107
minimum bias events with exactly 2 tracks, 1 vertex, and 2 or more unassociated
clusters.

3 Data Selection

The Z° — An® candidates were reconstructed via the decays A — pr~ and
70 — ~7. Each selected event had to have exactly 2 oppositely charged tracks and
exactly 2 unassociated clusters in the LKr calorimeter.

The positive track (proton) had to have a momentum p, > 30 GeV /¢, the negative
track (pion) was required to have p,- > 4 GeV/c. The momentum ratio p, /p_
between positive and negative tracks had to exceed 4.

Both tracks were required to have a radial distance from the detector axis be-
tween 13 and 120 c¢m in each drift chamber. The distance between the tracks had
to be greater than 5 c¢m in the first drift chamber and different from zero in the
last chamber to reject so-called ghost tracks, which share track segments. To reject
electrons, the tracks had to have either no associated cluster in the LKr calorimeter
or a ratio of cluster energy over momentum less than 0.8. The distance of closest
approach between the tracks had to be less than 2.2 cm, and the time difference
Atiraas between the tracks had to be less than 2 ns. Finally, the invariant mass
of the two tracks under proton and 7~ assumption had to be between 1.112 and
1.120 GeV/c?, corresponding to a 40 window around the nominal A mass.



Each photon cluster was required to have a reconstructed energy between 3 and
120 GeV and to lie well inside the active LKr calorimeter region in a distance between
15 and 110 cm from the detector axis. The closest distance to any dead cell had to
be larger than 2 cm. Each photon cluster had to have a distance greater than 40 cm
to any track impact point at the face of the LKr. The distance between the two
clusters had to be larger than 10 cm and their time difference had to be less than
4 ns. The difference between the mean track and mean cluster time had to be less
than 3 ns.

An energy centre-of-gravity

vk 2k
B T X B

at the longitudinal position of the LKr is defined by using the transverse positions
x; and y; and the energies E; of the photon clusters and tracks at the front surface
of the LKr calorimeter. The tracks are projected onto the LKr surface from their
positions and momenta in the first drift chamber before the spectrometer magnet.
To suppress badly measured events and possible background, the radial distance
Teog = \/T2og T Yoog Of the energy centre-of-gravity to the beam axis was required to
be less than 5 cm.

The A direction-of-flight is reconstructed from the momenta and track positions in
the first drift chamber, while the Z° line-of-flight is determined by the line connecting
the target with the energy centre-of-gravity (Zcog, Yeog) it the LKr calorimeter. The
=0 decay vertex is then defined to be at the position of the closest distance of
approach of the A and the Z° flight paths. Using the Z° vertex reconstructed in
this way, a cut on the v~ invariant mass of 125 < m., < 145 MeV /c* was applied,
corresponding to a 30 window around the nominal 7° mass. Finally, a loose cut on
the A7° invariant mass was applied: 1.305 < my0 < 1.325 GeV/c2.

Applying all selection criteria yielded a final data sample of 235698 events, which
was practically background-free, and on which the lifetime measurement was per-
formed (Fig. 1).

(«Tcog7ycog) - (

4 Monte Carlo Simulation

A Monte Carlo simulation was performed with the full detector description, using
GEANTS3 [3], but without trigger simulation. In total, 10 Z° — Ax® events were
generated, from which 4.0 x 10° were reconstructed after the complete selection,
corresponding to about 17 times the data sample. The mean Z° lifetime used in
the simulation was 72¢ = 3.19 x 107! s. This was chosen to be 10% higher than
the current world average of previous measurements [1] in order to ensure sufficient
Monte Carlo statistics also at high lifetime values.

The production plane is the y-z plane; symmetry arguments imply that there is no
=0 polarisation in y or 2. For the Z° polarisation in x direction, a value of P, = —10%
was used. This is in agreement with the measured value of PZ = (=9.740.7+£1.3)%
for an unpolarised proton beam with energy of 800 GeV and a production angle
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Fig. 1. Invariant A7° mass of the selected Z° candidates for data and simulation. The

shaded areas are rejected by the mass cut. For the mean Z° mass of the simulated events
see Section 4.

of 4.8 mrad [5]. For Z° hyperons, no polarisation in the x direction was assumed
in agreement with the same KTeV measurement. For the decay asymmetry of the
=% — Ax? and the subsequent A — pr~ decay the world averages of (2% — AnY) =
—0.411 £ 0.022 and a_ (A — pr~) = —0.642 £ 0.013 were used [1].

The Z° beam profile is not perfectly simulated; it depends critically on precise
knowledge of the geometry of the target and collimator region and the beam. There-
fore, the simulated beam profile is somewhat narrower than that found in the data.
This difference was taken into account by reweighting the simulated events with
Teog > 3.5 cm. The applied weighting factors do not exceed 1.5.

The =° mass spectrum of the data is shifted up by about 0.5 MeV /c? with respect
to the simulation (Fig. 1). This corresponds to about 2.5 standard deviations from
the previously measured value [4], which has been used in the simulation. We see
this shift also in other Z° decay channels, but not for other decaying particles, e.g.
neutral kaons. This effect is taken into account in the systematic uncertainty of the
lifetime measurement.

Fig. 2 shows the Z° momentum spectra for reconstructed data and Monte Carlo
events. Since the analysis is performed in energy bins, the small residual discrepan-
cies in the momentum spectrum are of no importance.

5 Mean Lifetime Measurements
5.1 Measurement of the =0 Lifetime

In the experiment, the proper lifetime ¢ of a particle with mass m, momentum p,
and the decay length z is given by t = z/yBc = zm/p, so for the lifetime both
the momentum p and the decay vertex z have to be measured.

The most precise determination of the =Y decay vertex z comes from LKr calorime-
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ter information. By using the nominal 7° mass, the decay vertex is obtained from

1

m o

\/E1E2(7”_i —T_Q)Q, (1)

Z = Zrkr —

with the longitudinal position z,y, of the front edge of the LKr calorimeter and the
energies F1, F» and positions 77, 75 of the photon clusters. The vertex resolution is
about 130 cm, as determined from simulation. The correct vertex resolution was
verified by using the reconstructed edge of the final collimator: At this position the
vertex distribution exhibits a step function (when neglecting the small number of
reconstructed events, which decay inside the collimator), smeared by the resolution
of the reconstructed decay vertex. The decay vertex distribution at the edge of the
final collimator agrees well between real data and simulated data.

The distribution of proper lifetime of the selected Z° events is shown in Fig. 3. The
lifetime is measured in units of the current world average of 7E0¢ = 2.90 x 1071 s.

For the lifetime fit, the lifetime distribution of the data was compared to that
of the Monte Carlo simulation. To be independent of the correct simulation of
the Z° spectrum, the comparison was performed separately in ten 10 GeV wide
bins of energy in the range from 75 to 175 GeV. For each energy bin, a fit re-
gion in proper lifetime was defined to allow for different detector acceptances and
resolutions at different energies. The lower bound of each fit region was given by
tmin = 5 m/c 4+ 0.7 - 7599 to ensure enough distance from the final collimator,
where effects of scattering at the collimator edges and of different vertex resolutions
between data and simulation play a role. The upper bound of each fit region was
defined as t,0, = (9.4 — E/25 GeV) - 7299, but at most 5 - 725°°. By these restric-
tions, in each bin of the proper time distributions there were at least 80 data and
2000 simulated events, respectively. A total of 126623 events were finally used for
the lifetime fit. The distribution of the selected events in energy and proper time is
shown in Fig. 4.

A combined least-squares fit to all lifetime distributions was performed, leaving
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the mean =° lifetime 7=0 and the 10 normalisations N; of each energy bin as free
parameters. The fit weighted reconstructed Monte Carlo events according to their
proper time t with a factor N; x exp(—t/7=0)/ exp(—t/72C) and compared the re-
sulting distribution to the lifetime distribution found in data. The result of the fit
is

=0 = (1.0581 4 0.0044,,,,) x 750¢ = (3.068 £ 0.013,,,,) x 107105, (2)

with the quoted error being only statistical. The fit has a x?/n.; = 135.9/135. The
residuals in each bin of energy are shown in Fig. 5.

We have also performed ten separate fits in the energy bins. These separate mea-
surements agree with a x?/ng. = 12.4/9, show no dependency on the =° energy, and
yield practically the same result as the global fit, when combined (see Fig 6).
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5.2 Systematic Uncertainties

Potential sources of systematic errors have been studied and several checks have
been performed.

Possible imperfections of the description of the detector acceptance in the Monte
Carlo simulation might cause systematic effects on the lifetime measurement. In
particular, the criterion on the minimum radial track position in the drift chamber
is sensitive to such possible MC imperfections, as it cuts directly into the acceptance.
Varying this and other selection cuts, we found maximum changes of the result of
the order of £0.3%, which we assign as systematic uncertainty due to the detector
acceptance.

In the analysis, the energy scale of the LKr calorimeter was assumed to be ex-
actly 1. Since the Z° decay vertex is determined using the 7° decay into two photons,
a wrong energy scale would directly affect the vertex determination and the lifetime
measurement. The LKr energy scale is known to £0.1% for the 2002 data, from
which we determined an uncertainty of +£0.14% on the lifetime measurement.

Similarly, non-linearities in the shower energy reconstruction for low energy pho-
tons could affect the lifetime measurement. Using bounds for possible non-linearities
derived from K — 27%/37% K3, and 7°/n — ~7 decays from data, we estimated
an uncertainty of £0.09% on the lifetime measurement. As a cross-check, the effect
of varying the minimum photon energy was studied, and no variation of the result
was seen.

The lifetime measurement is sensitive to the correct simulation of the vertex res-
olution. We checked the effect of a possible incorrect neutral vertex resolution by
artificially increasing it by 5%, which is twice as much as is seen in the data when fit-
ting the collimator edge. The effect on the result is a change of 0.08%. This number
is used as an estimate for the systematic uncertainty due to the vertex resolution.

To estimate the systematic uncertainty from inaccurate knowledge of the Z° polar-

12



Effect Ao (%] AyTzo [10710 5]

Detector acceptance 4+ 0.30 + 0.009
Vertex resolution +0.08 + 0.002
Energy scale +0.14 + 0.004
Energy non-linearities +0.09 4+ 0.003
=0 polarisation +0.24 + 0.007
2 mass +0.20 +0.006
A lifetime +0.04 + 0.001
Total systematic uncertainty + 0.47 +0.014
Statistical uncertainty +0.44 +0.013

Table 1. Summary of systematic uncertainties.

isation, we refitted the lifetime distributions using Monte Carlo samples with 0 and
—20% polarisation, respectively. The average of the observed deviations is +0.24%
and is taken as systematic uncertainty due to the Z° polarisation.

As pointed out earlier, we do see a shift in the invariant Z° mass w.r.t. the pre-
viously measured value. We generated Monte Carlo samples with 410 around this
value and also with the Z° mass seen in our data. Using these samples for the fit,
the result changes by +0.20%, which we apply as systematic uncertainty.

Finally, the uncertainty on the measured A lifetime [1] affects the measurement
by £0.04% due to changes in the detector acceptance.

As additional cross-checks, the data were split into samples with different polarity
of the spectrometer magnet and different run periods. No other than statistical
variations were seen.

The summary of systematic uncertainties is given in Table 1. Adding all con-
tributions in quadrature yields a total systematic uncertainty of A, = £ 0.47%,
corresponding to & 0.014 x 10710 s.

5.8  Measurement of the =0 Lifetime

The mean lifetime of the Z9 hyperon was also measured through its decay to An°.
The Z9 — A7 decays were selected using the same selection criteria as for the
20 — A7® channel, but taking into account the reversed charges of the A — pr™
tracks. Applying all selection criteria yielded a final data sample of 21527 Z0 — Ax®
decays (Fig. 7). The lifetime fit was performed completely analogous to the fit of
the Z° lifetime, with 12246 events in the fitted region. However, since the number
of Z0 is about a factor of 10 less than the number of =°, and the =Z° spectrum is
peaked at lower energy than the Z° spectrum, many bins of the fit region have very
few data events. Therefore, instead of a least-squares fit, a maximum-likelihood fit
was performed, taking into account the poisson distribution of the data events.

13



=+ Anti-= data

— Zdata

10°

107

events / 0.3 MeV/c?

[EnN
o

| B4

1| Y PR R T TR S T S N N O TR SN N T ST S W | 1
1.305 1.31 1.315 1.32 1.325 1.33
invariant A1/ A1 mass [GeV/c?]

=

g

Fig. 7. Invariant An® mass of the selected data 20 candidates. Also shown is the scaled
distribution of selected Z° — An? events. The shaded areas are rejected by the selection
criteria.

Performing the fit yielded

7o = (10485 £ 0.0130,.,.) X 725 = (3.041 £ 0.038,,,,) x 107", (3)
in good agreement with the value measured for the =° lifetime.

Since the systematic uncertainties have the same origin as those of the Z° lifetime
measurement, they were assumed to be the same, and no separate estimation of the
systematic uncertainty on the Z° lifetime measurement has been performed, With
this, the total systematic uncertainty on the =0 lifetime is o,,.,, = =0.014 x 1070 .

6 Result and Implications of the =° Lifetime Measurement

We have measured the mean lifetimes of the Z° hyperon 7=0 = (3.0684+0.013,,,,+
0.014,,.,) x 1071 s and its anti-particle =5 = (3.0414£0.038,,,,£0.014,,,) x 10719 s.
Under the assumption of CPT invariance both results can be combined, yielding

720 = (3.065 % 0.012,,,, +0.014,,,,) x 107 s, (4)

where all systematics except the Z° polarisation were taken as completely correlated.

This new result compared with the previous measurements is shown in Fig. 8.
It lies almost two standard deviations above the previous world average and is an
order of magnitude more precise than the previous best measurement. Compared to
the previous world average, the precision is better by a factor of five.

Our new result does have implications on the measurements of |V,,| from the
f-decay Z° — X Te 1. Taking the recent precise NA48/1 measurement on the
=Y — Y Te 1, branching fraction of (2.51 4 0.09) x 10~* [6], we obtain for the decay
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Fig. 8. Measurements of the =° lifetime. For the previous measurements see [1].

rate

BR:' —2ev -
['(Z - Step,) = —==27 — (8.19£0.30) x 10° s~ (5)
T=0

Performing the same calculation and using the same other inputs as in ref. [6], a
value of

[Vis] = 0.203 4 0.004¢,,, 70022 (6)

—0.027 form factors
is found, where the first error comes from our experimental measurements, and the
second error from the uncertainty on the g; and f; form factors [7].

7 Measurement of the Z0/=° Flux Ratio

The same data sample of A% and A" decays used for the Z° lifetime measurement
was also exploited to determine the production ratio between =0 and =° hyperons at
the target. We applied the same selection criteria as for the lifetime measurement,
except the requirements on the total energy and proper lifetime.

Fig. 9 shows the Z0 to Z° flux ratio as a function of energy. It falls with energy,
as expected. The values in each energy bin are listed in Tab. 2.
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Fig. 9. Measurement of the 20 to Z° flux ratio as function of energy.

Energy interval

Z0/2% flux ratio

Energy interval

20/29 flux ratio

65 — 75 GeV 0.246 £ 0.014 135 — 145 GeV 0.060 £ 0.002
75 — 85 GeV 0.194 + 0.006 145 — 155 GeV 0.047 £ 0.002
85 — 95 GeV 0.172 £ 0.003 155 — 165 GeV 0.037 £ 0.002
95 — 105 GeV 0.139 + 0.002 165 — 175 GeV 0.029 £ 0.002
105 — 115 GeV 0.111 + 0.002 175 — 185 GeV 0.026 £ 0.002
115 — 125 GeV 0.091 + 0.002 185 — 195 GeV 0.027 £ 0.003
125 — 135 GeV 0.074 £ 0.002 195 — 205 GeV 0.016 £ 0.003

Table 2. Tabulated values of the 20 to Z° flux ratio as function of energy.
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