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Based on a sample of 144� 106 polarized �� ! ���;� ! p�� decays collected by the HyperCP
experiment (E871) at Fermilab, we report a new measurement of the �� decay-parameter angle �� �
��2:39� 0:64� 0:64�� from which we deduce the decay parameters �� � �0:037� 0:011� 0:010
and �� � 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, �p � �s, for �� scattering is determined to be
�4:6� 1:4� 1:2��.
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final-state phase shifts. Theoretical predictions of �p �
�s vary between �3� and 16� [6]. Measurement of the

800 GeV=c proton beam onto a 2 mm� 2 mm�
60 mm copper target at angles of �3 and �3 mrad in
It was suggested in [1] that differing angular distribu-
tions in hyperon and antihyperon nonleptonic decay
modes would provide evidence of CP violation. The decay
of a spin- 1

2 hyperon into a baryon and pion contains a
mixture of s and p waves whose amplitudes �s; p� can be
used to describe the angular distribution with the parame-
ters � � 2Re�s	p�=�js2j � jp2j�, � � 2Im�s	p�=�js2j �
jp2j�, and � � �js2j � jp2j�=�js2j � jp2j� [2,3]. Sub-
sequent experiments [4] compared the parity-violating
decay-parameter �Y for a given hyperon species Y to
that of the corresponding antihyperon �Y via an asym-
metry, which for �� ! ��� is given by

A� �
�� � �

�

�� � �
�

: (1)

A model-independent approximation for A� is [5]

A� � � tan��p � �s� sin��p ��s�; (2)

where �p � �s is the difference between the p- and
s-wave �� final-state scattering phase shifts and �p �
�s 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
0031-9007=04=93(1)=011802(5)$22.50 
�� final-state phase shifts from elastic scattering, e.g., as
done in [7] for � ! p�, is impractical. However, if the
weak-interaction phase difference is negligible compared
to that of the strong phase shift, �p � �s can be deter-
mined through the ratio [8]

��

��
� tan��p � �s�: (3)

The decay parameter �� is usually specified together
with �� as an angle �� � tan�1���=���. Using the
world average [9] of �� � �4� 4��, the value of �p �
�s is found to be ��7:8� 7:8��. Recently E756 [10]
obtained �p � �s � �3:17� 5:28� 0:73�� based on
1:35� 106 polarized �� events. In this Letter, we report
a measurement of �� from which we extract �p � �s
based on a data set of 144� 106 polarized �� ! ���

decays collected in the HyperCP experiment.
The HyperCP experiment was designed primarily to

search for CP violation in ��=�� and �=� decays. Data
were collected in the Meson Center beam line at Fermilab
in 1997 and 1999. The analysis reported here used polar-
ized �� data from 1999. A plan view of the spectrometer
is shown in Fig. 1.

Polarized ��’s were produced by directing an
2004 The American Physical Society 011802-1



FIG. 1 (color online). Plan view of the HyperCP spectrome-
ter. The length (width) of the spectrometer is about 62 m (4 m).

P H Y S I C A L R E V I E W L E T T E R S week ending
2 JULY 2004VOLUME 93, NUMBER 1
the horizontal plane with respect to the axis of a 6:096 m
long collimator located within a dipole magnet (hyperon
magnet). The hyperon magnet had a field integral of
10:18� 0:03 Tm and deflected the beam upward by ap-
proximately 19 mrad. The mean momentum of the sec-
ondary beam was 163 GeV=c. Within the collimator a
moving coordinate system was employed in which ẑz was
tangent to the nominal central orbit and ŷy pointed toward
the center of curvature. At the entrance of the collimator
(and at the target) ŷy was vertical. A positive production
angle was defined by �p̂pbeam � ẑz� � ŷy > 0, where p̂pbeam is a
unit vector in the direction of the incident proton. Most
of the ��’s that emerged from the collimator exit de-
cayed inside a 13 m long vacuum pipe (decay region)
immediately downstream of the collimator. Following
the decay region were nine multiwire proportional cham-
011802-2
bers (C1–C9). An analyzing magnet comprising two di-
poles deflected charged particles horizontally with a
transverse-momentum kick of 1:43 GeV=c. Particles hav-
ing the same charge as the ��’s were deflected towards
�x and those having opposite charge towards �x. At the
downstream end of the spectrometer were two scintilla-
tion 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 � decay were required to have a p� invariant
mass within 3.5 standard deviations (�3:5 MeV=c2) of
the � mass peak at 1:116 GeV=c2, and the p�� invariant
mass was required to be within 3.2 standard deviations
(�5:6 MeV=c2) of the �� mass peak at 1:322 GeV=c2.
The momenta of the reconstructed �� candidates were
required to be between 110 and 240 GeV=c. The � 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 �� ! ���, � ! p�� the joint
distribution function for the decay has the form [3]

d2N
d��d�p

�
1

�4��2
�1� ��

~PP� � �̂���1� ��
~PP� � p̂p�; (4)

where �̂� and p̂p are the momentum unit vectors of the � in
the �� rest frame and the proton in the � rest frame. ~PP�

and ~PP� are the polarizations of the �� and � that are
related by [3]
~PP � �
��� � ~PP� � �̂���̂�� ��� ~PP� � �̂�� � ���̂�� � ~PP� � �̂��

1� ��
~PP� � �̂�

: (5)
The helicity-frame axes, specified event by event in the �
rest frame, are defined as

ẑz 0 � �̂�; x̂x0 �
~PP� � �̂�

j ~PP� � �̂�j
; ŷy0 � ẑz0 � x̂x0: (6)

After an azimuthal integration of p̂p in Eq. (4) around
the z0 axis the terms dependent on �� and �� vanish, and
the joint distribution becomes

d2N
d��d cos�pz0

�
1

8�
��1� ��

~PP� � �̂��

� ����� � ~PP� � �̂�� cos�pz0 �: (7)

After an integration over all directions of the � in the ��

rest frame the distribution of the proton with respect to x̂x0

(ŷy0) in the � rest frame is given by
dN
d cos�px0

�
1

2

�
1�

�
4
����P� cos�px0

�
; (8)

dN
d cos�py0

�
1

2

�
1�

�
4
����P� cos�py0

�
; (9)

where P� is the magnitude of the �� polarization and
�px0 (�py0) is the angle between the proton momentum in
the � rest frame and the x0 (y0) axis. In the following
analysis the three components of ~PP� were measured using
Eq. (7) while Eqs. (8) and (9) were used in the measure-
ments of the products �

4 ����P� and �
4 ����P�.

A hybrid Monte Carlo (HMC) technique [11] was
employed to measure the polarization of ��’s decaying
in the decay region. For each real event HMC events were
generated uniformly in cos�pz0 , passed through a simula-
tion of the apparatus, reconstructed, and subjected to the
011802-2



TABLE I. Components of �� polarization in the decay region and the corresponding biases.

p� (GeV=c) P�x BP�x
P�y BP�y

P�z BP�z

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
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FIG. 2. Proton cos�px0 and cos�py0 distributions; the solid line
is real events, and the dashed line is weighted HMC events.
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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 distribution
[Eq. (7)] evaluated at the generated angle to that evalu-
ated at the original angle. In this ratio the polarization
was considered as a parameter that was varied to mini-
mize the deviation of the weighted HMC angular distri-
bution from that of the real data. The quantity extracted
from the fit was the sum of the true polarization plus a
bias that resulted from systematic effects not fully ac-
counted for in the HMC. Since the sign of the polarization
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 �� momentum bins, whose
central values appear in the first column. These biases
were consistent with the signal extracted from an unpo-
larized sample.

The x 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
�� momentum �p�� accessible to the experiment,
the major (y) component of the polarization was found
to be well described by a linear parametrization, P�y �
�0:027� 0:00039�GeV�1� � p�, where the upper
(lower) sign applies to the positive (negative) production
angle data sample. The z component of the polarization
exhibited a similar trend. Because of precession of the
�� spins in the x-directed field of the hyperon magnet a
nonzero z component of polarization arose in the decay
region from the initially y-directed polarization at the
target. The precession angle, ! � arctan�P�z=P�y�, was
determined 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 moment was deduced to be �� � �0:6562�
0:0051�stat��N, consistent with the world average
�0:6507� 0:0025�N [9].

The measurements of the products �
4 ����P� and

�
4 ����P� also employed the HMC method with weight-
ing functions based, respectively, on Eqs. (8) and (9). To
determine the x0 and y0 axes [Eq. (6)] along which the
proton direction should be projected, each event was
assigned polarization components: P�x � 0, P�y from
011802-3
the linear parametrization given above, and P�z �
P�y tan!. Figure 2 shows the distributions of cos�px0
and cos�py0 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 produc-
tion angles as in [10]. The measured products and biases
as a function of p� are listed in Table II. The angle ��

deduced from the ratio 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
�� and �� could be deduced (albeit with larger errors)
from these measured products after division by �

4 �� �
0:504� 0:010 [9] and P� from Table I. These values
exhibited no significant dependence on p�, and the aver-
ages over the momentum range were h��i � �0:037�
0:010 and h��i � 0:889� 0:009, where the errors are
statistical.

The sources of systematic uncertainties in the measure-
ments of the products �

4 ����P� and �
4 ����P� can

be separated into four categories: background events,
event selection, detector simulation, and polarization
uncertainties.

The HMC generated only �� decays while the real
data contained roughly 0:4% background events. The
effect 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
011802-3



TABLE II. Measured �
4 ����P� and �

4 ����P�, the corresponding biases, and the deduced ��.

p� (GeV=c) �
4 ����P� B�

4����P�

�
4 ����P� B�

4����P�
�� (degree)

139 �0:000 37� 0:000 47 �0:003 29 0:011 91� 0:000 41 0:008 94 �1:77� 2:28
152 �0:000 46� 0:000 47 �0:002 29 0:014 47� 0:000 38 0:006 18 �1:81� 1:88
162 �0:000 38� 0:000 41 �0:001 71 0:015 57� 0:000 35 0:005 22 �1:39� 1:49
173 �0:000 74� 0:000 40 0:000 34 0:018 80� 0:000 36 0:007 29 �2:26� 1:22
191 �0:001 23� 0:000 40 0:001 99 0:021 09� 0:000 40 0:007 08 �3:33� 1:08
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nominal values by the extrapolated fraction of back-
ground events under the peak. The other categories of
systematic uncertainties were estimated by varying se-
lection criteria or parameters in the analysis and rean-
alyzing the data sample. Selection cuts on event
parameters such as vertex locations were tightened by 1
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 magnets 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 C1–C9 with efficiencies obtained from real data. To
estimate the sensitivity of the measurement to the detec-
tor efficiencies, the latter were varied by amounts ob-
tained 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 estimate 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 polarization measurement was dominated by
the uncertainty in the precession angle which was varied
by �1 standard deviation (statistical) as given above.

Table III 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 �stat=

������
10

p
.

Therefore the systematic errors are somewhat overesti-
TABLE III. Systematic errors for the measurement of
�
4 ����P� and �

4 ����P�; all entries are in units of the
statistical errors shown in parentheses.

�
4 ����P�

�
4 ����P�

Systematic source ��0:000 19� ��0:000 17�

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

011802-4
mated. The total systematic error, which is shown in the
last line of Table III, was estimated by adding the indi-
vidual 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 �2

� � �2
� � �2

� � 1 and the relatively well
known (compared to the polarization uncertainties in this
experiment) value of �� � �0:458� 0:012 [9], the de-
cay parameters were calculated using

�� �
����������������
1� �2

�

q
sin�� and �� �

����������������
1� �2

�

q
cos��:

The resulting values are

�� � �0:037� 0:011�stat� � 0:010�syst�;

�� � 0:888� 0:0004�stat� � 0:006�syst�;
(10)

where the systematic error includes the uncertainty of ��.
Under the assumptions in Eq. (3), we then determine the
strong phase-shift difference for �� scattering to be

�p � �s � �4:6� 1:4� 1:2��:

In conclusion, we have obtained a new measurement of
�� using a sample of 144� 106 �� ! ��� decays
having an average polarization of 3:7%. This result,
which is a 2:9� improvement over the best previous
measurement [10], may indicate a nonzero value of
��. Assuming the validity of Eq. (3), this would imply
that CP violation in charged � ! �� decays would
not be suppressed by a vanishing final-state phase-shift
difference.
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