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Abstract. A new precision measurement of the 5° mass has been performed at the NA48 experiment at
the CERN SPS. The value obtained is [1314.8240.06 (stat.) +0.2 (syst.)] MeV/c?. The branching ratios of
Z° radiative decays have been measured as: Br(Z° — Ay) = [1.90 £ 0.34(stat.) + 0.19(syst.)] - 107* and
Br(5° — X%) = [3.14 + 0.76(stat.) £ 0.32(syst.)] - 1072,
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1 Introduction

A precise measurement of hyperon masses permits the
checking of the mass splitting related to radiative correc-
tions. The mass of the Z° hyperon is known with less pre-
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cision [2-5] than the other members of the SU(3) fiavour
baryon octet. Thus, a precise measurement of the Z° mass
can contribute to a critical test of various theoretical ap-
proaches [6-9] to the mass calculations.

The transitions between the octet member states via
radiative decays are allowed through U-spin conservation
in the framework of SU(3) symmetry. The octet mem-
bers X9 and A represent orthogonal three-quark-states
with different U-spins. So the study of radiative decays
like 5% — Ay and 5% — X0y gives information about
the hyperon structure related to SU(3) violation. Theo-
retical predictions for the branching ratios of =9 radia-
tive decays deal with non-leptonic weak interactions and
estimate hadronic effects and electromagnetic corrections.
Difficulties in such calculations lead to results which range
over almost two orders of magnitude [10-21]. There are
several experiments [22-25] which measured these branch-
ing ratios, but only two of them [24,25] have adequate
precision.

In the present work the mass of the 5° hyperon has
been precisely measured via the decay

20 5 Ax°. (1)
The radiative decays

Z0 5 Ay, (2)
and

2% - 2% (3)

have been observed and their branching ratios measured.
These measurements have been performed in the NA48
experiment at the CERN SPS.

2 Experimental set-up and data taking

The NA48 experiment is designed to measure direct CP
violation in neutral kaon decays [26]. The Kg beam [27]
contains K° mesons and hyperons'. It is produced on a
0.2 cm diameter, 40 cm long beryllium target by 450-
GeV protons. The protons are focused by a series of four
quadrupole magnets and deflected by a dipole magnet to
the target 7.2 cm above the initial proton beam axis, which
points horizontally towards the detector. The set-up is de-
scribed in a right-handed orthogonal coordinate system
with the OZ- and OY-axes horizontal (along the initial

! This is one of the two simultaneous beams of the NA48
experiment: the Kg and K1 beams
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proton beam axis) and vertical, respectively. The neutral
beam has a production angle of 4.2 mrad [28,29]. The
target is positioned at z=0, and followed by a sweeping
magnet packed with tungsten-alloy inserts in which the
protons not interacting in the target are absorbed, and by
a 0.36 cm diameter collimator defining a downward direc-
tion of 0.6 mrad at z=4.8 m. The 1.2 m long collimator
is followed successively by an ani-counter (AKS), an 88
m long evacuated tube and by a helium-filled tank which
contains the drift chambers. The AKS is formed by a set
of three scintillation counters preceded by an aligned 3
mm thick iridium crystal and is used to veto decays oc-
curing upstream the AKS. Decays occurring downstream
the AKS in the upstream part of the evacuated region are
accepted. The outer diameter of each of the sub-detectors
is typically 2.5 m.

The present analysis is based on data recorded during
the 42-day run in 1997 with a proton intensity of about 3
x 107 protons hitting the target during the 2.4 s long SPS
spill. Detector elements used for the present analysis are
the following:

e A magnetic spectrometer used to measure tracks of
charged particles. It includes two drift chambers up-
stream and two downstream a dipole magnet with the
magnetic field directed vertically along the OY-axis
that produces a 267MeV/c transverse momentum
kick. Each drift chamber [30] is composed of four dou-
ble planes with staggered wires to resolve left-right am-
biguities. The wire orientations in the four views are
horizontal, vertical and 4 45° with respect to the hor-
izontal/vertical plane (horizontal and vertical only in
chamber 3). The average efficiency per plane is 99.5%.
The resolution of a coordinate in a single chamber is
110 pm and the mean momentum resolution of the
four-chamber spectrometer is dp/p =~ 0.6% at
45GeV/c.

e A liquid-krypton calorimeter (LKr) [31] is used to mea-
sure energy, position and timing of electromagnetic
showers initiated by photons (7). Around 20 t of lig-
uid krypton at 121 K are used as an ionization detec-
tor. The high density of krypton with its small Moliere
radius (4.7 cm) provides a good separation of electro-
magnetic showers. The calorimeter has a structure of
13212 square towers of 2 x 2em? cross section and 127
cm length (27 radiation lengths) each. The cells are
formed by copper-beryllium ribbons, 1.8 cm wide and
40 pm thick, stretched longitudinally. The ionization
signal from each of the cells is integrated, amplified,
shaped, and digitized by 10-bit FADCs at 40 MHz sam-
pling frequency [32]. The energy resolution is

o(E)/E ~0.125/E & 0.032/VE @ 0.005,

where E is in GeV. The read-out system was calibrated
by a charge pulse offered every burst during data tak-
ing. The final calibration of the energy scale is fixed
by the fit of the AKS position using the Kg — 797
decays. The relative calibrations of the individual cells
were done using K.3 decays and n decays into 37 and
2v’s. The position and time resolutions for a single
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Fig. 1. Distribution of invariant mass M (w7 ~) versus the
momentum ratio of positive to negative tracks, R,

photon are better than 1.3 mm and 300 ps, respec-
tively.

e A scintillator hodoscope located in front of the calori-
meter is used for triggering on charged particles.

e A sampling hadron calorimeter composed of 48 steel
plates, each 24 mm thick, interleaved with scintillator
planes is designed to measure hadronic showers with
a readout in horizontal and vertical projection. A fast
energy sum from the calorimeter is used in the trigger.

e A muon veto system consisting of three planes of plas-
tic scintillator, with an 80 cm thick iron wall in front
of each plane is used to identify muons.

The data for the present analysis were recorded with a
two-particle trigger. This trigger requires that events must
have at least two hits in opposite quadrants of the charged
hodoscope and an energy deposition in both calorimeters
greater than 30 GeV.

A more complete description of the apparatus can be
found elsewhere [33,34]. The analysis is described in [35].

3 Event selection

Decays of 5%’s are selected by choosing events with one A
and at least one . The A hyperons have been identified via
their decays A — pm~ using only the magnetic spectrome-
ter, with a vertex reconstructed as the point (Vx, Vy,Vz)
of closest distance of approach (CDA) of the two tracks.
The following criteria have been applied for the A candi-
date selection:

e CDA < 2.2 cm which corresponds to three times the
resolution on this parameter;

e 5m< Vy; <40 m and Vy > 4 cm defining the de-
cay region of A’s produced in the neutral beam (the
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corresponding resolutions are 90 cm and 0.25 cm, re-
spectively);

e the total momentum of the two charged particles must
be greater then 57 GeV/c.

Fig.1 shows the distribution of invariant mass of the two
charged particles, M (777 ~), and the momentum ratio of
positive to negative particles (R),) in each selected event,
under the assumption that both particles are pions. There
is a significant fraction of Kg — 77~ events as shown
by the concentration at M (w+7~) of approximately 500
MeV/ ¢ Similarly, with this assumption, the kinematics
of A — pr~ yield the curved distribution in R, over a
wide range of M (r*7™). To separate A decays from Kg
decays, the following condition has been applied:

M(r7) < 0.37GeV/c* + R, - 0.024GeV/c?,

which corresponds to the straight line in Fig. 1.

The invariant mass spectrum of the pr~ system,
M (pr—), for the events selected according to the criteria
above, is presented in Fig. 2. In this analysis, positively-
charged particles are assumed to be protons and nega-
tively-charges ones are taken to be pions. The A mass
peak in this plot has been fit by a Gaussian distribution.
The mean value of the mass, (1115.65040.072) MeV /c2, is
in good agreement with the nominal value of A mass [1].
The width of the signal is (0.90 £ 0.03) MeV /c2. For the
following analysis A’s were selected by requiring M (pm) to
be within + 2.7 MeV/c? from the nominal A mass [1].

The photons were identified using LKr clusters not as-
sociated with charged particle tracks. Clusters are char-
acterized by deposited energy and the central position of
the shower. The following criteria have been applied for
the selection of  rays associated with the events:

e the cluster center is positioned not closer than 25 cm
from the impact point of each of the tracks; this is
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N w w
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required in order to separate electromagnetic showers
from possible hadronic shower fluctuations;

e the cluster energy is greater than 6 GeV to reject
~’s from bremsstrahlung arising from electrons or po-
sitrons;

e the cluster time is within 4+ 3 ns from the mean event
time to reject clusters of accidental events;

e the cluster center is at least 15 cm outside the beam
pipe axis.

The =Z° flight trajectory is reconstructed as a vector
originating at the target center and directed to the point
of the “center of gravity” (COG) on the front face of the
LKr. The x and y coordinates of the COG are calculated
as the mean values of the corresponding coordinates of
all charged particles and photons, weighted by their en-
ergies. The divergence of the Z° beam is limited by the
collimator, but has been additionally restricted by the re-
quirement that the COG to be inside a radius of < 7 cm
in order to avoid possible “edge effects” on the collimator.

The =0 decay vertex is defined as the point (V%, V4.,
V}) of closest distance of approach of the reconstructed
trajectories of the Z° and A hyperons. A typical resolution
on V, is around 230 cm.

The selected sample has 62300 events containing one
A hyperon and at least one photon.

=% — An® decay reconstruction

To reconstruct 5% — Ar® decays, 13532 events containing
a A hyperon and at least two 7’s selected according to the
criteria mentioned above have been analyzed (very few of
these events have more than two photons). As the first
approximation the 2+ invariant mass M(yy) was recon-
structed under the assumption that the 7° — ~vv decay
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occurs at (Vi, Vi, V}), i.e. at the 20 decay vertex dis-
cussed above. The spectrum of M(~+) obtained under this
assumption is plotted in Fig. 3 and shows a clear 7° signal.
A normal distribution fit to the signal gives a mean value
(134.49 MeV /c?) in good agreement with the nominal 7%
mass [1], and a width of 4.30+0.06 MeV /c2. The pairs of
~v’s with

125 MeV/c¢® < M(vy) < 145MeV /c”

are selected as ™ — v decays. After applying this crite-
rion 6669 events have been left, all of which were identified
with the 2% — An® decays, because the appropriate dis-
tribution of the An® invariant mass, M(Ax®), shows an
explicit peak centered at the 5° nominal mass.

To diminish systematics in the M (A7Y) measurement
related with the uncertainties of the geometry and energy
scale definition, the following corrections and selection cri-
terion have been implemented. The z-coordinate of the 7°
decay vertex, zro, has been calculated using the nominal

70 mass, m,o, in the expression:

Zeal — Rp0 = \/EIEQ[(xl - 1’2)2 + (yl - y2)2]/mﬂ'07

where z.4; is the z-coordinate of the front face of the LKr
calorimeter, F; is the energy of the i-th photon, and z; and
y; are respectively x and y coordinates of the i-th photon
impact point to the LKr calorimeter. Only those events
have been selected which have no large difference between
the two vertexes:

|V — 20| < 300cm.

For the =Y decay vertex the point has been taken on the A
trajectory at zo. In addition, the invariant mass M(A7x®)
was recalculated using the nominal masses [1] of the iden-
tified A and 7°. The spectrum of the obtained M(Ax?) is
plotted in Fig.4. The observed clear signal of =° decays
(1) has been fit by a Gaussian distribution. The signal is
due to 3120 events with a mean mass value of

M(Z°) = [1314.82 + 0.06(stat.)] MeV /c”,

and a width equal to (1.1040.04) MeV /c?.

The main systematic error in the Z° mass measure-
ment is caused by the uncertainty of the energy scale cal-
ibration in both, the spectrometer and LKr calorimeter.
The energy scale is almost linearly related to the recon-
structed position of the 5° decay vertex. The difference
between two vertexes, (V] — z,0), has been estimated with
the precision of 30 cm. This value has been taken as the
uncertainty in the reconstruction of the =9 decay vertex.
This uncertainty leads to a systematic error in the =°
mass measurement of 0.2 MeV/ ¢

5 Measurement of Z° — A~ decay
branching ratio

In order to select the radiative decay Z° — A7, the trajec-
tories of =9 and A have been reconstructed as described

=
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Fig. 4. Spectrum of Azn° invariant mass

in Sect. 3. The decay vertex (Vy, Vs, V7) has been found
as a point of CDA of these two trajectories. The major
background contribution to these decays is due to the
29 5 An% and 5% — X%y decays in which one v is not
detected. Most of the background decays could be dis-
tinguished kinematically. The following criteria have been
optimized by a Monte Carlo simulation for Ay events:

e the v energy (E,) has to be greater than 15 GeV;

e the distance (A) between the impact points on the
front face of the LKr by the photon and any charged
track, is larger than 30 cm;

e im < V) < Vyg;

e V, <20 m (because at higher V the background con-
tribution increases significantly);

e the squared transverse momentum of the Ay system
with respect to the =Y trajectory (P?) is less than
0.003 GeV?/c? (three times the corresponding resolu-
tion).

After applying the above criteria 31 signal events have
been left in the interval of the Ay invariant mass, M(A7y),
from 1300 MeV/c? to 1330 MeV/c? (Fig. 5a). The 32330
Monte Carlo simulated events which remained after the
application of the same criteria (Fig. 5b) correspond to an
acceptance value of A(Avy) = 6.74% + 0.04%(stat.).

Possible background from decays according to reac-
tions (1) and (3) have been estimated by the Monte Carlo
simulation to 0.16 events.

Using the Br(Z° — AnY) as a normalization [1], for
which the acceptance obtained with the Monte Carlo sim-
ulation is A(A7%) = 2.765%+0.008% (stat.), the branching
ratio of the radiative decay is:

Br(5% — Ay) = [1.90 & 0.34(stat.) + 0.19(syst.)] - 1073,

The systematic error was estimated by varying the cuts
on E,, A, and P?.
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6 Measurement of Z° — X% decay
branching ratio

20 — X0y decays have been selected from events contain-
ing one A’s and at least two v’s. The 5° and A trajectories
and their vertices have been reconstructed as described in
Sect. 3. The vertex of the secondary X° — Ay decay is as-
sumed to be the same as the 50 decay vertex. Additional
selection criteria are the following:

o bm <V} < Vy;

M(A7y), GeV/c?

Fig. Ta,b. Invariant mass of M(Ay) for the X° — Ay de-
cay candidates: a experimental data (solid line) and simulated
background from the Z° — An°® decays(dashed line); b simu-
lated events

e M (~7) outside the region of 125 MeV/c2 < M(vyy) <
145 MeV/c® to reject m0.

The invariant mass of M (Avvy) calculated using the
A mass from [1] for the selected events is presented in
Fig.6. The peak around the Z° mass is due to decays
of 2% with A and two +’s in the final state. Thirty-three
events presented in this plot have been used to recalculate
the z-coordinate of the = decay vertex (V). All these
events have been considered as decays of 5% and the nom-
inal value of the Z° mass [1] has been used to calculate
V/ as the origin of the two photons. To check whether
the observed final states are products of Z% — X0y de-
cays, these 33 events are plotted versus the invariant mass
M (A~) calculated using V”Z (Fig.7a). A clear signal of
X9 — Ay decays is seen in this plot as well as a bump
at higher mass caused by a wrong assignment of pho-
tons in each of the events. The signal is reliably sep-
arated from this bump. This separation has been con-
firmed by a Monte Carlo simulation of the relevant de-
cays (Fig.7b). To identify the ¥° — Ay decays it was
required, in accordance with the simulation, that the in-
variant mass of the Ay system M(Ay) should be in the

range: 1187.5 MeV /c® < M(Ay) < 1197.5MeV />,

The major background is expected to come from the
29 — An® decays in which the 7°’s pass the rejection cri-
teria on M (y7). The background events simulated in this
way agree well with the experimental distribution of the
Ay invariant mass (dashed line in Fig. 7a). The estimated
background from this process is (3.1 + 0.5) events.

Finally, 17 events have been identified as 50 — X0
decays. The acceptance, estimated from the Monte Carlo
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simulation, is:
A(E0 = X0) = 2.24% + 0.02%(stat.).

Using the Br(Z° — Ax%) as a normalization [1], the
branching ratio for the radiative decay is obtained:

Br(Z° — X%) = [3.14 4+ 0.76(stat.) & 0.32(syst.)] - 1075,

The systematic error was estimated again by varying the
cuts in the selection criteria on M(yvy) and E,.

7 Conclusion

The Z° hyperons produced by 450 GeV protons and de-

caying into An® (6669 events), Ay (31 events), and X0y

(17 events) have been observed in the NA48 experiment.
The Z° mass has been measured as:

M(Z°) = [1314.82 + 0.06(stat.) + 0.20(syst.)] MeV /¢

which is the most precise measurement of this mass so
far. The other measurements and the mean value quoted
in [1] are compatible with the present result within their
accuracy.

Taking into account the mean value of the =~ mass
[1] a mass difference of M(Z~) — M(Z°) = (6.50 & 0.25)
MeV/ ¢® is obtained. This difference is more than 3 stan-
dard deviations higher than the result (5.68+0.24) MeV /¢
calculated in the framework of Lattice QCD [7] and is
within 2 standard deviations of the theoretical result of
6.10 MeV /c* based on radiative corrections to the quark
model [9].

The measured branching ratio:

Br(2% — X%) = [3.14 + 0.76(stat.) & 0.32(syst.)] - 1073

agrees with the precise measurement performed in the
FNAL experiment [24], while the other measured branch-
ing ratio:

r(=" — Ay) = [1.90 £ 0.34(stat. 19(syst.)| - 10~
Br(g° = A 90 + 0.34 +0.19 1073

disagrees at the level of 2 standard deviations with the
measurement done at FNAL [25].
The ratio of the two branching ratios is:

Br(Z° — X%)/Br(5° — Ay) = 1.65 4+ 0.55.

The results obtained are compared with predictions of
various theoretical models in Table 12.

The comparison in this table shows that most of the
model calculations cannot reproduce the obtained results;
only the most recent calculation [20] based on SU(6) sym-
metry and vector meson dominance is in agreement with
our results.
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2 The errors indicated are obtained by adding in quadrature
the corresponding statistical and systematical errors

Table 1. Comparison of our results with the theoretical pre-
dictions

Refer. Br(X°y)/107*  Br(Av)/107%  Br(X%)/
Br(Ay)
This
Exp. 3.14 £ 0.82 1.90 + 0.39 1.65 + 0.55
Models
[11] 9.10 4.00 2.28
[13] 5.87 2.29 2.56
[14] 2.62 0.70 3.74
[15] 1.48 1.80 0.82
[20] 3.49 2.06 1.69
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