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From 1310.6 x 10° J/y and 448.1 x 10° y(3686) events collected with the BESIII experiment, we
report the first observation of X and £~ spin polarization in e*e™ — J/y[y(3686)] — ZtZ~ decays. The
relative phases of the form factors A® have been measured to be (—15.5+0.7+£0.5)° and (21.7 £+
4.0 £0.8)° with J/y and y(3686) data, respectively. The nonzero value of A® allows for a direct and
simultaneous measurement of the decay asymmetry parameters of X+ — pa°(ay = —0.998 4- 0.037 &
0.009) and £~ — pa°(a, = 0.990 £ 0.037 +0.011), the latter value being determined for the first time.
The average decay asymmetry, (qy— a&g)/2, is calculated to be —0.994 &+ 0.004 £+ 0.002. The CP
asymmetry Acps = (ag + @)/ (ap — @p) = —0.004 £ 0.037 + 0.010 is extracted for the first time, and

is found to be consistent with CP conservation.

DOI: 10.1103/PhysRevLett.125.052004

Hyperons are ideal probes for studying the strong
interaction in the transition region between the nonpertur-
bative and perturbative QCD regimes. In addition, two-
body hyperon weak decays play an important role in the
study of symmetry properties in particle physics.

Historically, these decays were used to establish parity
violation [1]. Current research on this type of decays
focuses on the search for CP violation in the baryon

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

sector. The polarization of spin 1/2 hyperons can be
determined in two-body weak decays due to the self-
analyzing nature of these decay processes. The T polari-
zation vector Py can be determined from the ¥* — pz°
decay using the angular distribution of the daughter proton,
as dN/dQ = (1/4x7)(1 + ayPs+ - P). Here, p is the unit
vector along the proton momentum in the =" rest frame and
ag is defined as the decay asymmetry parameter for the
>+ — pa® decay. Correspondingly, the decay asymmetry
parameter for ¥~ — pz° is denoted @,. The parameters o
and @, are CP odd so that Acpy = (a9 + @)/ (g — @)
can be used to test CP symmetry [2,3]. A nonzero value of

Acpy would indicate a CP violation. An average decay

asymmetry parameter ay = —0.98010017 [4] was extracted
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from 7t p — T K" experiments nearly 50 years ago [5-7]
while &, has not been measured before. The standard model
theoretical prediction for the level of CP violation is
Acpy ~3.6 x 107 [8]. In general, CP violation in the
baryonic sector is relatively poorly known [9]. It has thus
been noted in Ref. [10] that it is of high importance to
improve the sensitivity regarding CP violation in as many
baryonic decay modes as possible in order to investigate the
consistency with the standard model Cabibbo-Kobayashi-
Maskawa mechanism.

BESIII provides a unique environment to study both
hyperon production and decay properties in electron-
positron annihilation to £ £~ pairs via the intermediate
J/w and v’ [denoting the y(3686) throughout this Letter]
resonances [10]. In this quantum entangled system, the
decay parameters of the two baryons are correlated which
allows a controlled and precise test of CP symmetry.
Recently, the first case of hyperon polarization in elec-
tron-positron annihilation was found for A hyperons in the
J/w — AA decay by the BESIII collaboration [11].

The ete™ - ¥ — Tt~ (¥ here denotes either the J /y
or the y’) production process is described by the psionic
electric and magnetic form factors, Gy and Gy, [12]. These
two psionic form factors are formally equivalent to the X
electric and magnetic form factors [13—17]. The two form
factors can be described by two real parameters oy and A®,
which correspond to the angular decay asymmetry and
the relative phase between the form factors, respectively.
The observable A® is related to the spin-polarization
of the produced XTX~ pair. In singly weak decays, if
the relative phase is nonzero A® # 0, the X polarization is
perpendicular to the production plane and depends on
the angle between the X and electron (e™) beam in the
reaction center-of-mass frame (CM) Os+, as shown in
Fig. 1. It is then possible to make a simultaneous and
direct measurement of a, and @, and hence also a test on
CP symmetry.

The first branching fraction measurement of J/y —
¥ +%~ was reported by the BES collaboration [18] while

FIG. 1. Definition of the coordinate system used to describe
the J/w — X*Z~ and y’ — Z+tZ~ process. The T* particle is
emitted along the zs+ axis direction, and the £~ in the opposite
direction. yy+ axis is perpendicular to the plane of £t and e¢~, and
xs+ axis is defined by right-hand coordinate system. The X+
decay product, proton, is measured in this coordinate.

' — X*E~ was studied with CLEO data [19-21].
However, so far no measurement of ay and A® exists.

The full differential cross section of the production and
decay process ete” = ¥ — (- pa®)E(— paY) is
described with five observables & = (05+,6,.¢,.60;.¢5)
[12]. Here 6,,, ¢, and 0}, ¢; are the polar and azimuthal
angles of the proton and antiproton measured in the rest
frames of their respective mother particles. As seen from
the basis vector definitions in Fig. 1, a right-handed system
is defined where the z axis is taken along the X*
momentum py+ = —ps- = p in the CM system. The y
axis is taken as the normal to the scattering plane,
k,- x ps+, where k,- = -k, = k is the electron beam
momentum in the CM system.

The differential cross section is given as do o W(E)dE,

where WI(E) is
W) =To(&)+a,Ts5()
T ao[T 1 (€) /1~ a cos(AD) T, (€) +a, T s(£)]
/1= sin(A®) @ To(&) +aT,(®). (1)

and7;, (i = 0,1, ..., 6) are angular functions dependent on
& which are described in detail in Ref. [12]. Equation (1)
contains three types of terms: those depending on the Tt
scattering angle (7 + a,, 7 5), the three spin correlations
(terms multiplied by apa) and the separate polarization
terms. The free parameters to be determined in a fit of the
joint angular distribution W(E) to the data are ay, A®,
and ay. If A® #0, all parameters can be determined
simultaneously, and Acp can be evaluated directly.

In this Letter, we present a study of the J/y — Tt~
and y' — XTX~ decays. In an analysis of the angular
distributions of the £* (Z~) baryons and their daughter
particles, the spin polarization and decay asymmetry
parameters of £+ and ¥~ are measured for the first time.

The analysis is based on 1310.6 x 10° J/y and 448.1 x
10° ' events collected with the BESIII detector. Details
about the design and performance of the BESIII detector
are given in Ref. [22]. Candidate events for the process
¥ — 2, with subsequent *(X7) - pz°(pz°) and
7" = yy decays, have to have two good charged tracks
with opposite charges and at least four photons. Good
charged tracks are required to be within the acceptance of
the multilayer drift chamber (MDC), |cos 8| < 0.93. For
each track, the point of closest approach to the interaction
point must be within 2 cm in the plane perpendicular to the
beam direction and within +10 cm along the beam
direction. The two good charged tracks need to be
identified as proton and antiproton by the particle identi-
fication (PID) system, requiring that the likelihood for a
proton assignment is larger than alternative hypotheses,
L(p) > L(z)and L(p) > L(K). Here, L(h) (h = 7, K, p)
is a likelihood for the different final state hadron
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hypotheses determined from the specific energy loss in the
MDC and the time-of-flight measurement.

Photon candidates are reconstructed from isolated show-
ers in the electromagnetic calorimeter (EMC). Each photon
candidate is required to have a minimum energy of 25 MeV
in the EMC barrel region (] cos 8| < 0.8) or 50 MeV in the
end cap region (0.86 < |cos 8| < 0.92). In order to further
suppress electronic noise and energy deposition unrelated
to the signal event, it is required that the time difference
between an EMC signal and the reconstructed event start
time is within an interval of 700 ns. Good #° candidates
are selected as those photon pairs whose invariant
mass is satisfying (my —60 MeV/c?) < M,, < (mo+
40 MeV/c?), where m,o is the nominal mass of the 7°
meson [4]. An asymmetric mass window is used for the 7°
reconstruction as the photon energy deposited in the EMC
has a tail on the low energy side. In addition, a one-
constraint (1C) kinematic fit is performed for the photon
pairs, constraining the invariant mass to the nominal 7°
mass. The y% of the kinematic fit is required to be less than
25. The number of good 7° candidates is required to be
larger than one. To further remove potential background
events and improve the mass resolution, a four-constraint
(4C) kinematic fit is performed, constraining the total
reconstructed four momentum to that of the initial state.
A requirement on the quality of the 4C kinematic fit of
X3 < 100 is imposed. If the number of z° candidates in an
event is greater than two, the p pyyyy combination with the
lowest yjc is selected as the final event candidate.
After kinematic fitting, the X and >~ candidates are
built from the proton, antiproton- and neutral pion-

candidates. Here, the combination that minimizes o,, =

\/ (M 0 —ms+)? + (M0 — ms-)* is chosen in order to
allocate the neutral pions to the two baryon decays.
For the y' — XtE~ decay, an additional invariant mass
requirement is imposed on the proton-antiproton pair,
|M,; —3.1 GeV/c?| > 0.05 GeV/c?, to remove back-
ground events of the decay y' — z°2%J/y with
J/w = pp.

To investigate possible background processes in the final
data sample, inclusive Monte Carlo (MC) samples of 1.2 x
10° J/y and 5.06 x 10® y’ events have been used. For
these, known decay modes are modeled with EVTGEN[23]
using branching fractions taken from the particle data
group, whereas unknown decay modes are generated
following the LUNDCHARM model [24]. The main back-
ground channels are found to be ¥ — ATA™ and ¥ —
Y., 1. — T using the tool described in Ref. [25]. Here,
the latter channel already only constitutes about 0.07% of
the signal strength and can thus be neglected.

To estimate the amount of non-X*X~ events in data, a
two-dimensional sideband method is used to quantify the
background contribution. The signal region is defined as

1.17 GeV/c? < M 050 < 1.2 GeV/c* and the lower
and upper sideband regions are defined as 1.13 GeV/c? <
M 050 < 1.16 GeV/c? and 1.21 GeV/c* < M 505,
1.24 GeV/c?, respectively. The sideband regions are
shown in Fig. 2. We discriminate between two different
types of sideband contributions. Regions A, indicated with
red dashed lines in Fig. 2, designate those events where one
of the pa° or pa® combinations lies in the signal region
while the other one does not, whereas regions B, indicated
as blue solid lines, designate events where both pr°
and pz° fall into the respective sideband. The number
of background events N,, is then determined by
Ny, =0.5N4 —0.25Np, where N, and Ny are the sum
of all events in the regions A and B, respectively. From this
method, the background levels in the signal region (green
dotted box in Fig. 2) are found to be 5% for J/yr — ZTE~
and 1% for y' — T~ The final event samples in the
signal region are determined to be 87 815 events for the
J/w — Tt~ decay and 5327 events for the ' — T~
decay. An unbinned maximum likelihood fit is performed
in the five angular dimensions €, simultaneously fitting
both the J/y — 2~ and y' — XX~ data in order to
determine  the  parameters Q = {aj/y,, a,, ADy,,
AD,, ay,ap}. In the fit, the joint likelihood function is
defined as

0 <

TV Q)

£ =[] Prob(&,. Q) = ,
11 N

i=1

where n is the number of events and Prob(§;) is the
probability to produce event i based on the measured
observables € and the set of parameters Q. The normali-
zation factor NV = (1/Nyc) - Z]]V:Mf WY is given by the
sum of the corresponding amplitude YV using simulated

events evenly distributed in phase space. In the

13 [
125}

«§ 12}

> i

S

éw 1.15
11}
qos b b b b e b

105 11 115 12 125 13
M,. (GeV/c?)

FIG.2. Distribution of the invariant mass of the £~ candidate as
a function of the invariant mass of the =" candidate, showing the
signal (green box) and sideband regions A and B (red and blue
boxes, respectively).
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normalization factor, the detection efficiency is included
and possible differences between real data and MC sim-
ulations have been taken into account. Instead of the
likelihood function £, the negative of the logarithm of £
is minimized using the MINUIT package given in the CERN
library [26,27]. The objective function is defined as

S = —1In Ly, +In Ly,

where Lg,, is the likelihood function of events selected in
the signal region, and Ly, is the likelihood function of
background events given by the sideband regions. The
numerical fit results are summarized in Table I. The first
uncertainty given is always statistical and the second one is
systematic. The spin polarization of the X baryons is
observed for both the J/y and the y' datasets. The relative
phase between the psionic electric and magnetic form
factors is determined to be A®,, = -0.270+0.012
and A®,, = 0.379 £ 0.07 for the J/y — =*Z~ and y/' —
T+%- decay, respectively, which differs from zero with a
significance of more than 20c in case of the J/y data and
with a significance of 5.5¢ for the y’ data, including
systematic uncertainties. The two values determined at the
J/w and v’ resonances differ in size and also have opposite
sign. The polarization of the X baryons is clearly visible in
the data, as shown in Fig. 3, where the moment M (cos 6s- )
is displayed for the data divided into 20 cosfs+ bins in
comparison to a MC sample evenly distributed in phase
space and the solution of the fit performed in this work. The
moment is given by

N(cosOy+ )
M(cosOs+) = (m/N) Z (sin@), cos ¢, —sin@% cos ).

i

01 3
0.05F- »2/nbin = 0.9 3
g, E E
R = SO Y E
[=] E =
k) E E
S o05F 3
01 T 3
0.15
0.1
Z 005
P TN B RO B S S SO ISP
S .
= -0.05 ¥*/nbin = 1.0
—01f
~0.15F
-1 08 06 04 02 0 02 04 06 08 1

coso,.

FIG. 3. The moments M (cos 0y ) for data that is not corrected
for acceptance and reconstruction efficiency as function of
cosfy: for the decays J/w — X*Z~ (top) and y' — ZtE-
(bottom). The black points with error bars are experimental data,
the red solid lines are the fit results and the blue dashed line
represents the distribution without polarization from the simu-
lated events evenly distributed in phase space.

Here, m = 20 is the number of bins, N is the total number
of events in the data sample and N(cos 6s-) is the number
of events in the cosfs+ bin. Assuming CP conservation
ag = —ay, the expected angular dependence of the mo-

ment from Eq. (1) is (dM/dcosz+) ~ (/1 — agag X

sin A® cos Os+ sinfy+ in case of data corrected for the
acceptance and reconstruction efficiency. The red line in
Fig. 3 follows this expectation but additionally takes
acceptance and reconstruction efficiency into account.
Other projections related to & could be found in
Supplemental Material [28].

As A® is nonzero, a simultaneous measurement
of @y and @, is possible and performed, as shown in
Table I. From the asymmetry parameters a and @, the
CP-odd  observable Acpy = (a9 + ay)/(ag — @) =
—0.004 £0.037 £ 0.010 is extracted for the first time.
It is found to be consistent with the standard model
prediction. The average decay asymmetry (g — @p)/2 is
calculated to be —0.994 4+ 0.004 + 0.002, representing a
significant improvement in precision compared to earlier
measurements.

A summary of the systematic uncertainties that have
been considered in this work are listed in Table II. Sources
under consideration include a possible bias in the fit
method, the choice of mass region for the signal, the
background estimation method, helix parameter correc-
tions, and efficiency differences between data and MC
simulations. The individual uncertainties are assumed to be
uncorrelated and are therefore added in quadrature. To
validate the reliability of the fit results, a set of 100 toy
samples is simulated. In these samples, the differential
cross section is based on Eq. (1), and the decay parameters
determined in this study, listed in Table I, are used as input
parameters. The number of events in each toy sample is the
same as for the data sample. We compare the average
output values with the input values for all fit parameters.
Differences between input and average output are taken as
the systematic uncertainties caused by the fitting method. In
addition, the size of the signal mass window is changed by
+5 MeV. The fit is repeated and the differences between
the new values and the nominal values are taken as the
systematic uncertainties of the parameters resulting from

TABLE 1. Values and uncertainties of the fit parameters
extracted in this Letter.

Parameter Measured value
sy —0.508 4 0.006 + 0.004
AD,), —0.270 £ 0.012 4+ 0.009
a, 0.682 £0.03 £ 0.011
AD,, 0.379 £0.07 £ 0.014
ap —0.998 4+ 0.037 + 0.009
ap 0.990 £+ 0.037 £0.011
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TABLE II. Summary of the systematic uncertainties on the
resulting fit parameters.

Source ay, AQy,,  ay AD,  a a

W
Fit method 0.002 0.004 0.005 0.011 0.007 0.008
Signal window 0.002 0.006 0.008. 0.007 0.003 0.005
Background 0.002 0.005 0.003 0.002 0.002 0.001
Track correction 0.000 0.001 0.003 0.000 0.004 0.005

Efficiency correction 0.000 0.001
Total 0.004 0.009

0.003 0.000 0.000 0.001
0.011 0.014 0.009 0.011

the choice of signal mass window. In this work, the
sideband regions in the £+ — pz® and £~ — pa° invariant
masses were used to estimate the amount of background
events in the signal region. Changing the sideband regions
from [1.13,1.16] GeV/c* and [1.21,1.24] GeV/c* to
[1.145,1.16] GeV/c? and [1.21, 1.225] GeV/c?, the back-
ground estimation and the fit are repeated and the
differences between the new and the nominal fit results
are taken as the systematic uncertainties on the fit param-
eters caused by the choice of sideband regions. For the
nominal result, we are using the track correction for the
helix parameters mentioned in Ref. [29]. We repeat the full
fit procedure using a MC sample without this track
correction and take the difference between the two fit
results as a systematic uncertainty caused by the track
correction. The uncertainties due to potential efficiency
differences between data and simulations of charged-
particle tracking and PID have been investigated with
J/w — pprtr~ control samples, and those due to neutral
7Y reconstruction are estimated from J/y — 7"z~ 2% con-
trol samples. Using these control samples, we determine
corrections to the MC simulations and take the differences
between fit results with and without tracking, PID and 7°
reconstruction efficiency corrections as the systematic
uncertainties.

In conclusion, based on the samples of 1310.6 x
10% J/y and 448.1 x 105 y' events collected with the
BESIII detector, the decay parameters of the decays J/y —
2P and y' - £7E7, a5, and a,,, are measured for
the first time. The numerical fit results are given in
Table 1. Here, a;,, is determined to be negative, which
has the same sign as observations made in the decays
J/y — 220 J/y — £(1385)%(1835)" and J/y —
>(1385)TZ(1835)~ [30].

The relative phases A®;,, and A®, are determined
simultaneously and for the first time for both reactions
J/w - XZ" and y/' — Xt~ This also marks the first
determination of the relative phase for a ' decay into a pair
of baryons. Since A® is found to be nonzero for both
decays, the decay asymmetry parameters ap and a, are
determined simultaneously. While the value of « deter-
mined in this work is consistent with the PDG average at

significantly improved precision, @, is measured for the
first time. The value of A¢p 5 is found to be consistent with
CP conservation and is in agreement with the standard
model prediction within present uncertainties [8].
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