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Using a sample of ð448.1� 2.9Þ × 106 ψð3686Þ decays collected with the BESIII detector at BEPCII,
we report an observation of Ξ− transverse polarization with a significance of 7.3σ in the decay ψð3686Þ →
Ξ−Ξ̄þ (Ξ− → Λπ−, Ξ̄þ → Λ̄πþ,Λ → pπ−, Λ̄ → p̄πþ). The relative phase of the electric and magnetic form
factors is determined to be ΔΦ ¼ ð0.667� 0.111� 0.058Þ rad. This is the first measurement of the
relative phase for a ψð3686Þ decay into a pair of Ξ−Ξ̄þ hyperons. The Ξ− decay parameters (αΞ− , ϕΞ− ) and
their conjugates (αΞ̄þ , ϕΞ̄þ ), the angular-distribution parameter αψ , and the strong-phase difference δp − δs
for Λπ− scattering are measured to be consistent with previous BESIII results.

DOI: 10.1103/PhysRevD.106.L091101

Charmonium decays into hyperon and antihyperon pair
offer a clean laboratory to explore hyperon properties, such
as their polarization and decay parameters, and to perform
tests of fundamental symmetries. Taking advantage of the
large J=ψ and ψð3686Þ data samples and the excellent
performance of the detector, BESIII has reported a series of
observations of hyperon polarization in charmonium
decays, such as J=ψ → ΛΛ̄ [1] and J=ψ ;ψð3686Þ →
ΣþΣ̄− [2]. This has led to a renewed interest in both
theoretical and experimental investigations in hyperon
physics. Baryon-spin polarization in a vector-charmonium
decay into a baryon-antibaryon pair was first considered in
Ref. [3]. Such an effect requires that the decay amplitudes
are complex and have nontrivial relative phase ΔΦ. To
observe the baryon polarization some of the spin projections
of the initial charmonium state must have different weights.
This is possible if the state is produced in electron-positron
annihilation with unpolarized beams since the photon, and
therefore the charmonium, can only have �1 helicities. A
comparison of the polarization found in J=ψ and ψð3686Þ
decays may elucidate other puzzles in vector charmonia
decays, such as breaking of the ‘12% rule’, which predicts
that the ratio of branching fractions of ψð3686Þ and J=ψ
decays into the same final state is 12% [4]. Experimentally,
only one such polarization comparison has been performed,
using the J=ψ ;ψð3686Þ → ΣþΣ̄− reactions [2]. The result
reported in Ref. [2] is striking since the relative phase
between the form factors has opposite sign and different
absolute values ΔΦJ=ψ ¼ −0.270ð12Þ rad and ΔΦψð3686Þ¼
0.379ð70Þrad. Currently, there is no explanation for this
behavior. To improve understanding, measurements for
other baryon-antibaryon pairs are needed.
A natural extension of these hyperon-polarization mea-

surements is to investigate Ξ− decays in J=ψ ;ψð3686Þ →
Ξ−Ξ̄þ, where the measurement of the polarization of the
Ξ− hyperon is accessible via the process Ξ− → Λπ−.
The inclusion of charge-conjugate processes is implied

throughout unless stated otherwise. The initial Ξ transverse
polarization with respect to the scattering plane, PΞ, is
related to the child Λ polarizarion, PΛ, via the relation [5],

PΛ ¼ αΞ− ẑΞ þ βΞ−PΞ × ẑΞ þ γΞ− ẑΞ × ðPΞ × ẑΞÞ; ð1Þ

where ẑΞ is the unit vector defined in Fig. 1 and αΞ− , βΞ− , and
γΞ− are the asymmetry decay parameters for the Ξ− → Λπ−
decay. The decay parameters βΞ− and γΞ− are related and can
be represented by a single parameterϕΞ− ¼ tan−1ðβΞ−=γΞ−Þ.
The joint angular distribution describes the spin correlation
and polarization, which is expressed as [6]

Wðξ;ΩÞ ¼
X3
μ;ν̄¼0

Cμν̄ðθΞ; αψ ;ΔΦÞ
X3

μ0¼0

X3

ν0¼0

aΞ
−

μμ0a
Λ
μ00a

Ξ̄þ
νν0a

Λ̄
ν00:

ð2Þ
In Eq. (2), Ω ¼ ðαψ ;ΔΦ; αΛ; αΛ̄; αΞ− ;αΞ̄þ ;ϕΞ− ;ϕΞ̄þÞ re-
present the production and decay parameters, the kinematic
variables ξ ¼ ðθΞ; θΛ;ϕΛ; θΛ̄;φΛ̄; θp;φp; θp̄;φp̄Þ describe
the production and the multistep decays, the spin density
matrix Cμν̄ describes the spin configuration of the entangled
hyperon-antihyperon pairs, and aHμν is the propagation of the
spin-density matrix based on the corresponding helicity
variables and decay parameters.
Equation (2) characterizes the Ξ− polarization and spin

correlation via the angular-distribution parameter αψ and
ΔΦ. The free parameters (Ω) are determined by a fit of the
function defined in Eq. (2) to the data. If ΔΦ is nonzero, it
indicates a nonzero polarization of Ξ−, and all other
parameters can be determined simultaneously.
Recently BESIII observed Ξ− polarization in J=ψ →

Ξ−Ξ̄þ decays [7] for the first time and the process
was used for novel CP symmetry tests by measuring
the observables ACP;Ξ ¼ ðαΞ− þ αΞ̄þÞ=ðαΞ− − αΞ̄þÞ and
ΔϕCP ¼ ðϕΞ− þ ϕΞ̄þÞ=2. CP-violation tests performed
with the ψð3686Þ → Ξ−Ξ̄þ data set have lower precision
than those made in J=ψ decays, but the sample can also be
exploited for an independent measurement of the strong
phase difference, δp − δs, for Λπ− scattering, where sub-
script pðsÞ denotes P(S)-wave. This quantity determines
the sensitivity of the ACP;Ξ variable to the CP-violating
phase difference ξp − ξs in the decay. A nonzero value
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of δp − δs is necessary to observe CP violation via the
ACP;Ξ variable. It can be determined via the formula
tanðδp − δsÞ ¼ hβΞi=hαΞi. The value of hβΞi is determined
from the averages of decay parameters hαΞi and hϕΞi. We
make these calculations of averages with method used in
the particle data group (PDG) and take the same sign as
decay parameters of Ξ− hyperon. At present there is a
tension between the ϕΞ− ¼ −0.042� 0.016 rad deter-
mined from the HyperCP [8] experiment and the BESIII
value for hϕΞi ¼ 0.016� 0.014� 0.007 rad [7]. This ten-
sion causes the difference of δp − δs over one standard
deviation in these two measurements, δp − δs ¼ ð8.0�
5.0Þ × 10−2 rad for HyperCP [8] and δp − δs ¼ ð−4.0�
3.3� 1.7Þ × 10−2 rad for BESIII experiment [7]. A model-
dependent prediction of CP violation within the context of
the Standard Model (SM) gives ACP;Ξ ∼ −7 × 10−5 [9], and
heavy-baryon perturbation theory predicts the strong-phase
difference δp − δs ¼ ð1.9� 4.9Þ × 10−2 rad [10].
In this paper we present an analysis of the angular

distributions of the Ξ− hyperon and its final-state particles
in the decay ψð3686Þ → Ξ−Ξ̄þ, and subsequent Ξ− → Λπ−
and Λ → pπ− decays, using a sample of 448.1 ×
106 ψð3686Þ events [11] collected with the BESIII detector
[12]. In addition to measuring the spin polarization and
decay asymmetry parameters of the Ξ−ðΞ̄þÞ hyperon, the
CP observables ACP;Ξ and ΔϕCP are also determined.
Candidates for ψð3686Þ → Ξ−Ξ̄þ events are selected

using a full reconstruction of the subsequent decays

Ξ− → Λπ−, Λ → pπ−. To study the decay parameters for
the ψð3686Þ → Ξ−Ξ̄þ decay, five million Monte Carlo
(MC) simulation events with ψð3686Þ → Ξ−Ξ̄þ →
π−πþΛΛ̄ → pp̄π−π−πþπþ are generated according to a
uniform distribution using the KKMC generator [13,14]. To
study the potential background contributions, an inclusive
MC sample of 350 million ψð3686Þ decays is used,
where the production of the ψð3686Þ resonance is simu-
lated with the KKMC generator, the subsequent decays are
processed via EVTGEN [15,16] according to the measured
branching fractions provided by the PDG [17], and the
remaining unmeasured decay modes are generated with
LUNDCHARM [18,19].
Charged tracks are required to be reconstructed in the

main drift chamber within its angular coverage
j cos θj < 0.93, where θ is the polar angle with respect
to the positron beam direction. Particle identification (PID)
of the protons and pions is performed by considering the
track momentum. Tracks with momentum above (below)
0.5 GeV=c are assigned the proton (pion) hypothesis.
Events with at least two π−, two πþ, one proton and
one antiproton are retained for further analysis.
To reconstruct Λ candidates, a secondary vertex fit [20]

is applied to all pπ− combinations. When there is more than
one combination, the one with the minimum value offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMpπ− −mΛÞ2 þ ðMp̄πþ −mΛÞ2

q
among all pπ− combi-

nations is chosen, where Mpπ− is the invariant mass of the
pπ− pair and mΛ is the known mass of the Λ baryon [17].
The pπ− invariant mass of the selected candidate is
required to be within 5 MeV=c2 of the known Λ mass.
This criterion is optimized by the S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
figure of merit

(FOM) using MC simulation, where S is the number of
signal MC events and B is the number of expected
background events obtained from the simulation. To further
suppress backgrounds from non-Λ events, the Λ decay
length, i.e., the distance between its production and decay
positions, is required to be greater than zero. The Ξ−

candidates are reconstructed with a similar strategy using a
secondary vertex fit and the candidate with the minimum
value of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMΛπ− −mΞÞ2 þ ðMΛ̄πþ −mΞÞ2

p
from all Λπ−

combinations is selected. Here, MΛπ− is the invariant mass
of the Λπ− pair and mΞ is the known mass of the Ξ−

hyperon [17]. Furthermore, the Ξ− decay length is required
to be greater than zero.
To further suppress backgrounds and improve the mass

resolution, a four-constraint (4C) kinematic fit, imposing
energy-momentum conservation from the initial eþe− to
the final Ξ−Ξ̄þ state, is applied for all Ξ−Ξ̄þ hypotheses
after the full reconstruction. Events with χ24C < 200 are
retained based on the FOM optimization. Figure 2 shows
the two-dimensional distribution of MΛπ− versus MΛ̄πþ

after performing the 4C kinematic fit. A clear enhancement
around the known Ξ− mass can be seen. The Λπ− invariant
mass is required to be within 8 MeV=c2 of the known Ξ−

FIG. 1. The definition of the helicity angles in different rest
frames. The angles θΞ; θΛ;φΛ; θp;φp are the polar and azimuthal
helicity angles of the Ξ, Λ hyperons and the proton in three
reference frames: eþe− center-of-mass (c.m.) system, Ξ rest
frame and Λ rest frame, respectively. In the eþe− c.m. system, the
ẑ axis is along the eþ momentum direction, the ẑΞ is along the Ξ−

momentum direction. In the Ξ rest frame, the polar axis direction
is ẑΞ, ŷΞ is along ẑ × ẑΞ and ẑΛ is along the Λ momentum
direction. In the Λ rest frame, the polar axis direction is ẑΛ and ŷΛ
is along ẑΞ × ẑΛ. The vector PΞ × ẑΛ is along the ŷΛ axis.
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mass, which is determined through the FOM. The signal
region shown in Fig. 2 is marked by S. After applying the
above event selection criteria to the data, detailed event type
analysis of the inclusive ψð3686Þ MC sample [21] shows
that the remaining backgrounds in this analysis are
mainly from non-Ξ− events, such as eþe− → πþπ−ΛΛ̄.
The background level is estimated using the sideband
method. We take four sideband regions and make a scaling
of the backgrounds to the signal region, i.e.,

P
4
j¼1 Bj=4,

where j denotes one of the four regions shown in Fig. 2,
and Bj is the yield in that region. The upper and lower
sideband regions are defined as 1.338GeV=c2<MΛπ−<
1.354GeV=c2 and 1.290GeV=c2<MΛπ−<1.306GeV=c2

respectively, which means that the sideband region is
about [6σ, 12σ] away from the signal peak position.
A total of 5358 signal events survive the above selection
criteria. A scaled background of 15� 4 events is estimated
with the sideband method. A similar number of back-
ground events (15� 4) is estimated to be present from
eþe− → Ξ−Ξ̄þ continuum production. This is deduced by
applying the event selection to 2.9 fb−1 of data collected at
a collision energy of 3.773 GeV=c2 [22,23]. In total
therefore, the background level is determined to be
0.6%, which can be considered negligible for the analysis.
An unbinned maximum-likelihood (MLL) fit is

performed to determine the Ξ− spin-polarization param-
eters. Based on a previous study [1], we present CP
conservation in Λ decays under the current statistics; thus,
we assume CP conservation of Λ and fix the decay
parameters αΛ=Λ̄ to the average value ðαΛ − αΛ̄Þ=2 [1]
in the fit. This assumption would not affect the CP tests in
Ξ decays under the current statistics. The joint likelihood
function is

L ¼
YN
i¼1

Pðξi;ΩÞ ¼
YN
i¼1

Wðξi;ΩÞϵðξiÞ
N ðΩÞ ; ð3Þ

where P is the probability to produce event i based on the
measured parameters ξi and the set of observables Ω, N is
the number of data events after all selection criteria, W is
defined in Eq. (2), ϵðξiÞ is the detection efficiency and the
normalization factor N ðΩÞ ¼ R

Wðξ;ΩÞϵðξÞdξ. The neg-
ative value of the logarithm of L is minimized by using the
MINUIT software package [24]. The default fit contains no
background term, as there is negligible contamination in
the final sample. However, background is considered as a
source of systematic uncertainty.
The results of the fit are given in Table I. The relative

phase ΔΦ for ψð3686Þ → Ξ−Ξ̄þ decay is measured for the
first time and differs from zero. The decay-asymmetry
parameters αΞ− and αΞþ agree within their statistical
uncertainties but are somewhat lower than the PDG average
value (αΞ− ¼ −0.401� 0.010) [17]. The strong-phase dif-
ference, δp − δs, is consistent with the BESIII result
measured from the J=ψ → Ξ−Ξ̄þ decay [7], and lies around
two standard deviations below the HyperCP measurement
[8]. The other parameters are compatible with earlier
measurements.
The transverse Ξ− polarization, Py, is given by

Py ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2ψ

q
sin θΞ cos θΞ sinΔΦ=ð1þ αψ cos2 θΞÞ ð4Þ

and the spin correlations Cij (i; j ¼ x, y, z), are related to
the Cμν̄ in Eq. (2) as follows:

Cμν̄ ¼ ð1þ αψ cos2 θΞÞ

0
BBBBB@

1 0 Py 0

0 Cxx 0 Cxz

−Py 0 Cyy 0

0 −Cxz 0 Czz

1
CCCCCA
: ð5Þ

Figure 3 shows the resulting Py polarization and spin
correlations together with the fit results. The Py polariza-
tion and the spin correlations are clearly nonzero.
Possible sources of systematic bias on the parameter

measurements are considered. They include the fit method,
the Ξ− reconstruction, the 4C kinematic fit, the background
and the decay parameters for Λ → pπ. We validate the
reliability of the fit results by an input and output check
based on 100 pseudodata samples. The helicity amplitude
formula is based on Eq. (2) and the measured polarization
parameters in this work are used as the input parameters,
where the central values used in the generation of the
number of events for each pseudodata sample are the same
as measured in the data sample. The average difference
between input and the output result is taken as the
systematic uncertainty. The systematic uncertainty due to
the Ξ− hyperon reconstruction incorporates the track
selection, PID criteria, requirements on mass window
and decay length of Ξ−ðΛÞ, and is studied with a control
sample of ψð3686Þ → Ξ−Ξ̄þ decays using the same

FIG. 2. Distribution of MΛπ− versus MΛ̄πþ . The box marked by
S shows the signal region, the boxes marked by Bj (j ¼ 1, 2, 3, 4)
denote the sideband regions.
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method as in Refs. [25–33]. From this we obtain the
efficiency difference between the data and MC event
reconstruction. Then we apply a correction to the MC
simulation with the efficiency difference described above,
and repeat the fit. The differences between the new values
and the nominal values are taken as the systematic
uncertainties of the parameters resulting from the Ξ−

reconstruction. The systematic uncertainty due to the 4C
kinematic fit is studied by correcting the helical-track
parameters for each charged particle. For the nominal
result, we take the uncorrected results. We repeat the full
fit procedure using a MC sample with the track correction
and take the difference between the two fit results as a
systematic uncertainty. To assign a systematic uncertainty
from background, which is not included in the nominal fit,
we repeat the fit taking in consideration the backgrounds
from the sideband region and continuum process in the

log-likelihood function. The differences between the new
values and the nominal values are taken as the systematic
uncertainties of the parameters resulting from backgrounds.
The uncertainty from the decay parameters αΛ=Λ̄ of Λ →
pπ−=Λ̄ → p̄πþ is estimated by varying the nominal value,
obtained by the average in Ref. [1], by �1σ. The largest
difference in the results is taken as the systematic uncer-
tainty. Assuming all sources are independent, the total
systematic uncertainty is determined by taking the square
root of their the quadratic sum and the results are given in
Table II.
In summary, we report an observation of the Ξ−

hyperon spin polarization in the process eþe− →
ψð3686Þ → Ξ−Ξ̄þ. The measured parameters are
summarized in Table I. The relative phase between the
electric and magnetic psionic form factors, ΔΦ, in the
ψð3686Þ → Ξ−Ξ̄þ decay is determined to be different from
zero for the first time with a significance of 7.3σ, including
the systematic uncertainty, by comparing the most
conservative differences of likelihoods of the baseline fit
and the one assuming no polarization. This result differs
significantly from the corresponding relative phase in the
J=ψ decay [7]. The behavior is also noticeably different to
that seen in decays of charmonia to Σ baryons, where the
corresponding phase is negative and around four times
smaller in magnitude than for Ξ baryons in J=ψ decays, and
around two times smaller in the case of ψð3686Þ decays [2].
The results provide important input for understanding the
difference of the αψ , ΔΦ values at different energies and
different charmonia states, and even insight into double-
strange versus single-strange hyperon pair production
[34,35]. Further input from the theory community and
new measurements in related decay modes are needed to
interpret these results. Other decay parameters (αΞ− , αΞ̄þ ,
ϕΞ, ϕΞ̄þ) for Ξ− → Λπ− and Ξ̄þ → Λ̄πþ decays including
the angular distribution parameters (αψ ) are measured to be
consistent with previous publications within their uncertain-
ties [7,26]. The measurement of the strong phase difference,
δp − δs, constitutes an independent determination of this

TABLE I. The numerical results for the measurements of the Ξ− polarization and the decay parameters. Also shown are the analogous
parameters for the J=ψ → Ξ−Ξ̄þ decay as reported in Ref. [7]. The first uncertainty is statistical and the second systematic.

Parameter ψð3686Þ → Ξ−Ξ̄þ J=ψ → Ξ−Ξ̄þ

αψ 0.693� 0.048� 0.049 0.586� 0.012� 0.010
ΔΦ (rad) 0.667� 0.111� 0.058 1.213� 0.046� 0.016
αΞ− −0.344� 0.025� 0.007 −0.376� 0.007� 0.003
αΞ̄þ 0.355� 0.025� 0.002 0.371� 0.007� 0.002
ϕΞ− (rad) 0.023� 0.074� 0.003 0.011� 0.019� 0.009
ϕΞ̄þ (rad) −0.123� 0.073� 0.004 −0.021� 0.019� 0.007

δp − δs (×10−1 rad) −2.0� 1.3� 0.1 −0.40� 0.33� 0.17
ACP;Ξ (×10−2) −1.5� 5.1� 1.0 0.60� 1.34� 0.56
ΔϕCP (×10−2 rad) −5.0� 5.2� 0.3 −0.48� 1.37� 0.29

FIG. 3. Polarization Py and spin correlations Cxx, Cyy and Czz

in ψð3686Þ → Ξ−Ξ̄þ as a function of cos θΞ. The dots with error
bars are the binned experimental result and the red lines give the
result of the global MLL fit. The error bar represents the statistical
uncertainty.
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important quantity describing the strong interaction between
theΛ and π− hadrons. The result is consistentwith the heavy-
baryon perturbation theory [10] and agrees with the recent
BESIII measurement performed with J=ψ decays [7], and is
around two standard deviations lower than the HyperCP
measurement of this parameter [8]. The CP observables
ACP;Ξ and ΔϕCP are determined from the measurements of
theΞ−ðΞ̄þÞ decay parameters. The results are consistentwith
the CP conservation hypothesis. Our measurement of ACP;Ξ
is in agreement with the SM expectation.
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