A New Measurement of =~ — An~ Decay Parameters
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Based on a sample of 144 x 10° polarized 2~ — An~, A — pn~ decays collected by the HyperCP
experiment (E871) at Fermilab, we report a new measurement of the 2~ decay-parameter angle
= = (—2.39+0.64+0.64)° from which we deduce the decay parameters = = —0.037+0.0114+0.010
and v= = 0.888 +0.0004 £+ 0.006. Assuming that the CP-violating phase difference between s and p
waves is negligible, the strong phase-shift difference, d, — &5, for An scattering is determined to be
(4.6 £1.4+1.2)°.

PACS numbers: 13.30.Eg, 11.30.Er, 14.20.Jn, 14.65.Bt

It was suggested in [1] that differing angular distri-
butions in hyperon and antihyperon nonleptonic decay
modes would provide evidence of CP violation. The de-
cay of a spin—% hyperon into a baryon and pion con-
tains a mixture of s- and p-waves whose amplitudes
(s, p) can be used to describe the angular distribution
with the parameters a = 2Re(s*p)/(|s?| + [p?|), B =
2Im(s*p)/(|s*| + |p?[), and v = (|s*| = [p*|)/ (18| + |p?])
[2, 3]. Subsequent experiments [4] compared the parity-
violating decay parameter ay for a given hyperon species
Y to that of the corresponding antihyperon ay- via an
asymmetry, which for 2= — An~ is given by

az + oz

Ag = ——=. 1)

o= — Otg
A model-independent approximation for Az is [5]
Az = —tan(d, — d5) sin(¢p — ¢s) , (2)

where 6, — 05 is the difference between the p- and s-
wave Aw final-state scattering phase-shifts and ¢, — ¢
is the (CP-violating) difference between weak-interaction
phases in the decay. To set limits on the observability of
A= one needs a measurement of the final-state phase-
shifts. Theoretical predictions of d, — J, vary between
—3° and 16° [6]. Measurement of the Ax final-state
phase-shifts from elastic scattering, e.g. as done in [7] for
A — pm, is impractical. However, if the weak-interaction
phase difference is negligible compared to that of the

U]

strong phase-shift, §, — J; can be determined through
the ratio [8]

= tan(d, — ds) - (3)
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The decay parameter fz is usually specified together with
vz as an angle ¢= = tan~!(fB=/v=z). Using the world
average [9] of ¢= = (4 £4)° the value of J, — J; is found
to be (—7.8+7.8)°. Recently E756 [10] obtained 6, —J, =
(3.17 £ 5.28 £ 0.73)° based on 1.35 million polarized 2~
events. In this letter, we report a measurement of ¢z
from which we extract 6, — ds based on a data set of
144 million polarized =~ — An~ decays collected in the
HyperCP experiment.

The HyperCP experiment was designed primarily to
search for CP violation in 2~ /=% and A/A decays. Data
were collected in the Meson Center beam line at Fermilab
in 1997 and 1999. The analysis reported here used polar-
ized 2~ data from 1999. A plan view of the spectrometer
is shown in Fig. 1 .

Polarized =7 ’s were produced by directing an 800-
GeV/c proton beam onto a 2mm X 2mm x 60mm cop-
per target at angles of +3 and —3 mrad in the horizontal
plane with respect to the axis of a 6.096 m-long colli-
mator located within a dipole magnet (Hyperon Mag-
net). The Hyperon Magnet had a field integral of 10.18
4 0.03 T-m and deflected the beam upward by approxi-
mately 19 mrad. The mean momentum of the secondary
beam was 163 GeV/c. Within the collimator a moving



Same-Sign
Hodoscope

Left Muon Station

Target
Beam

Proton_ }
beam

Hyperon Vacuum
Magnet Decay
Region

c J

o .

o Analyzing
Magnets

FIG. 1: Plan view of the HyperCP spectrometer. The length
(width) of the spectrometer is about 62 m (4 m).
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coordinate system was employed in which Z was tangent
to the nominal central orbit and ¢ pointed toward the
center of curvature. At the entrance of the collimator
(and at the target) § was vertical. A positive produc-
tion angle was defined by (Pream X 2) - § > 0, where
Pbeam 1S & unit vector in the direction of the incident
proton. Most of the Z7’s that emerged from the colli-
mator exit decayed inside a 13 m-long vacuum pipe (De-
cay Region) immediately downstream of the collimator.
Following the Decay Region were nine multiwire propor-
tional chambers (C1-C9). An analyzing magnet compris-
ing two dipoles deflected charged particles horizontally
with a transverse-momentum kick of 1.43 GeV/c. Par-
ticles having the same charge as the = ’s were deflected
towards +z and those having opposite charge towards
—x. At the downstream end of the spectrometer were
two scintillation hodoscopes and a calorimeter, used for
triggering, and a muon detector system, used for muonic
rare-decay studies.

The reconstructed events were required to have three
tracks and satisfy a two-vertex topology corresponding to
the =~ decay sequence hypothesis. The proton and pion
from the A decay were required to have a pm invariant
mass within 3.5 standard deviations (+£3.5MeV/c?) of
the A mass peak at 1.116 GeV/c?, and the prr invariant
mass was required to be within 3.2 standard deviations
(£5.6 MeV/c?) of the Z~ mass peak at 1.322 GeV/c?.
The momenta of the reconstructed =~ candidates were
required to be between 110 and 240 GeV/c. The A decay
vertex was required to be downstream of the =~ decay
vertex, and both vertices were required to be in a 12.7-
m-long fiducial region within the vacuum pipe extending
from 30 cm downstream of the collimator exit to 89 cm
upstream of C1.

In the decay sequence 2~ — An—, A — pn~ the joint
distribution function for the decay has the form [3]

&N 1
dQa dQy,  (4m)?

(1+azPs- M)A +anPy-p), (4)

where A and p are the momentum unit vectors of the A
in the E’_’ rest frame and the proton in the A rest frame.
Pz and Py are the polarizations of the =~ and A which
are related by [3]

(OéE +ﬁ5 A)A-l—ﬂg(ﬁg X A) +’YEA X (ﬁg X A)
1+a5135 A

Py =
(5)
The helicity-frame axes, specified event-by-event in the
A rest frame, are defined as
1 A ' ﬁ: X A 1 1 '
Z2=A, T =—72—, §y=2Xx2z. (6)
|P5 X A|
After an azimuthal integration of p in Eq. 4 around the

z' axis the terms dependent on Bz and = vanish and the
joint distribution becomes

2N .
dQadcos ¢9er B

1 L L
2 [(1 +azPs-A) 4+ ax(az + Pz - A) cosepzl] .(7)

After an integration over all directions of the A in the =~
rest frame the distribution of the proton with respect to
Z (§ ) in the A rest frame is given by

dN 1 ™

— = (1 — = P= !

dcosb,, 2( + 4aAB“ = c0s 051) ®)
dN 1 ™

_— = = ]_ — ’:P‘:‘ !

dcosé 5L+ goarzPecosb,, ), (9)

where Pz is the magnitude of the =~ polarization and
0,2 (0,,) is the angle between the proton momentum

in the A rest frame and the &' (y') axis. In the following
analysis the three components of 135 were measured using
Eq. 7 while Eqgs. 8 and 9 were used in the measurements
of the products Jaxf=Pz and Jfaprv=Ps.

A Hybrid Monte Carlo (HMC) technique [11] was em-
ployed to measure the polarization of Z~’s decaying in
the Decay Region. For each real event HMC events were
generated uniformly in cosf,., passed through a simu-
lation of the apparatus, reconstructed and subjected to
the same event selection requirements as the real data
until ten HMC events were accepted. The HMC events
were weighted by a ratio of the expected angular distri-
bution (Eq. 7) evaluated at the generated angle to that
evaluated at the original angle. In this ratio the polar-
ization was considered as a parameter that was varied
to minimize the deviation of the weighted HMC angular
distribution from that of the real data. The quantity ex-
tracted from the fit was the sum of the true polarization
plus a bias which resulted from systematic effects not
fully accounted for in the HMC. Since the sign of the po-
larization changed with the sign of the production angle
while that of the bias did not, two nonzero-production-
angle (+3 mrad) data samples were used to extract [12]



the true polarization and the bias. The results are listed
in Table I in five equally populated Z~ momentum bins,
whose central values appear in the first column. These
biases were consistent with the signal extracted from an
unpolarized sample.

The z component of the =~ polarization for the entire
data sample was found to be 0.0001 £ 0.0005, in good
agreement with zero as expected from parity conserva-
tion in the strong production process. Over the range
of 2~ momentum (pz) accessible to the experiment, the
major (y) component of the polarization was found to
be well described by a linear parameterization, P=, =
+0.027 7 0.00039(GeV ™) x p=, where the upper (lower)
sign applies to the positive (negative) production angle
data sample. The z component of the polarization exhib-
ited a similar trend. Due to precession of the Z~ spins
in the z-directed field of the Hyperon Magnet a non-zero
z component of polarization arose in the Decay Region
from the initially y-directed polarization at the target.
The precession angle, ¥ = arctan(Pz,/P=,), was deter-
mined for each momentum bin and the values were found
to be independent of the =~ momentum and have an
average of (10.04 & 0.92)°. As a check the magnetic mo-
ment was deduced to be uz = —0.6562+0.0051(stat) un,
consistent with the world average —0.6507 £ 0.0025 pn
[9].

The measurements of the products JaxB=Pz and
TanysP= also employed the HMC method with weight-
ing functions based, respectively, on Eqgs. 8 and 9. To de-
termine the z' and y' axes (Eq. 6) along which the proton
direction should be projected, each event was assigned
polarization components: Pz, = 0, Pz, from the linear
parameterization given above and Pz, = Pz, tan ¥. Fig-
ure 2 shows the distributions of cosf,,/ and cosf, for
real events and the corresponding weighted HMC events
for the two production angles. The true products were
separated from the biases by combining results from the
positive and negative production angles as in [10]. The
measured products and biases as a function of pz are
listed in Table II. The angle ¢= deduced from the ra-
tio of these products is listed in the last column of the
same table. For comparison with the final results given
later we note that the decay parameters Sz and vz could
be deduced (albeit with larger errors) from these mea-
sured products after division by Fax = 0.504 £0.010 [9]
and Pz from Table I. These values exhibited no signif-
icant dependence on pz and the averages over the mo-
mentum range were (fz) = —0.037 + 0.010 and {(y=5) =
0.889 + 0.009, where the errors are statistical.

The sources of systematic uncertainties in the measure-
ments of the products FaxB=zP= and Japzy=Pz can be
separated into four categories: background events, event
selection, detector simulation and polarization uncertain-
ties.

The HMC generated only =~ decays while the real
data contained roughly 0.4% background events. The ef-
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FIG. 2: Proton cos sz and cos GMI distributions; the solid

line is real events, and the dashed line is weighted HMC
events.

fect of these background events on the measurements was
estimated by analyzing events well above and below the
=~ mass peak and weighting the deviation from the nom-
inal values by the extrapolated fraction of background
events under the peak. The other categories of systematic
uncertainties were estimated by varying selection criteria
or parameters in the analysis and reanalyzing the data
sample. Selection cuts on event parameters such as ver-
tex locations were tightened by one standard deviation of
the resolution function. Included in the event-selection
cuts were tighter fiducial cuts on the active volumes of
wire chambers and the aperture of the analyzing mag-
nets which reduced the acceptance by roughly 7%. The
HMC (fake) protons and pions were propagated through
a simulation of the apparatus in which they deposited
hits in the hodoscopes, calorimeter and MWPCs with
efficiencies obtained from real data. To estimate the sen-
sitivity of the measurement to the detector efficiencies,
the latter were varied by amounts obtained from small
changes to the algorithms used in their determination.
The HMC events contained only the detector hits due to
the real =~ pion and the fake proton and pion. To es-
timate the sensitivity to accidental hits, each fake event
was superimposed with detector hits from the real event
which were not associated with the proton or pion. The
contribution to the systematic error due to the polariza-
tion measurement was dominated by the uncertainty in
the precession angle which was varied by £1 standard
deviation (statistical) as given above.

Table IIT summarizes the contributions of the sources
of systematic errors described above in units of the sta-
tistical error. Since ten accepted HMC events were gen-
erated for each real event there was a contribution to
each systematic error source of approximately osgat/ V10.
Therefore the systematic errors are somewhat overesti-
mated. The total systematic error, which is shown in
the last line of Table III, was estimated by adding the



p= (GeV/e) Pz, Bp_, Pz, Bp, P=, Bp_,
139 —0.0011 £ 0.0011 0.0363 —0.0264 + 0.0012 —0.0035 —0.0059 £ 0.0015 —0.0908
152 0.0010 + 0.0011 0.0357 —0.0325 £ 0.0011 0.0023 —0.0059 £+ 0.0014 —0.0880
162 0.0014 + 0.0010 0.0288 —0.0340 £0.0010 —0.0026 —0.0047 £0.0013 —0.0833
173 —0.0006 £ 0.0010 0.0227 —0.0405 £ 0.0011  —0.0040 —0.0072 £0.0013 —0.0762
191 —0.0005 £ 0.0011 0.0177 —0.0467 £0.0013 —0.0132 —0.0087 £0.0013 —0.0710

TABLE I: Components of 2~ polarization in the Decay Region and the corresponding biases.

b= (GeV/c) %O‘AﬂEPE B%aAﬁsps %QA’YEPE B%GA’YEPE o= (degree)
139 —0.00037 + 0.00047 —0.00329 0.01191 £+ 0.00041 0.00894 —1.77 £ 2.28
152 —0.00046 % 0.00047 —0.00229 0.01447 £ 0.00038 0.00618 —1.81 +1.88
162 —0.00038 + 0.00041 —0.00171 0.01557 £+ 0.00035 0.00522 —1.39+4+1.49
173 —0.00074 + 0.00040 0.00034 0.01880 4 0.00036 0.00729 —2.26 +£1.22
191 —0.00123 + 0.00040 0.00199 0.02109 £ 0.00040 0.00708 —3.33 £ 1.08

TABLE II: Measured JaafB=P= and Jaav=Ps, the corresponding biases, and the deduced ¢=.

FoafsPs FaaysPs
Systematic source (x0.00019) (x0.00017)

Accidental hits 0.28 0.06
Background 0.06 0.22
Detector efficiency 0.39 0.50
Precession angle 0.58 0.17
Event selection 0.61 0.64
Total error 0.97 0.86

TABLE III: Systematic errors for the measurement of
ZaaB=P= and FanysPs; all entries are in units of the statis-
tical errors shown in parentheses.

individual contributions in quadrature.
The weighted average of ¢= from Table II, with sys-
tematic uncertainties from Table III, was found to be

= = [—2.39 £ 0.64(stat) £ 0.64(syst)]° .

This is consistent with the measurement in [10]. Using
the identity a2 + 82 + 72 = 1 and the relatively well
known (compared to the polarization uncertainties in this
experiment) value of az = —0.458 + 0.012 [9] the decay
parameters were calculated using

Bz =4/1—aisings and vz = /1 — aZ cos¢z .

The resulting values are

Bz = —0.037 +0.011(stat) £ 0.010(syst)
v= = 0.888 & 0.0004(stat) £+ 0.006(syst)
where the systematic error includes the uncertainty of

az. Under the assumptions in Eq. 3, we then determine
the strong phase-shift difference for Az scattering to be :

6p— 0, = (46+1.44+1.2)°.

In conclusion, we have obtained a new measurement of
¢= using a sample of 144 million =~ — An~ decays hav-
ing an average polarization of 3.7%. This result, which is

a 2.9x improvement over the best previous measurement
[10], may indicate a non-zero value of f=z. Assuming the
validity of Eq. 3, this would imply that CP violation in
charged = — Ax decays would not be suppressed by a
vanishing final-state phase-shift difference.
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