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Using a data sample of eþe− collision data corresponding to an integrated luminosity of20.3 fb−1 collected
by the BESIII detector at the BEPCII collider, we present an observation of transverse polarization and a
complete determination of the psionic form factors of theΛ hyperon in eþe− → ΛΛ̄ decay with the entangled
Λ − Λ̄ pair at

ffiffiffi
s

p ¼ 3.773 GeV. The relative phase between the psionic form factors is determined to be
ΔΦ ¼ ð1.53� 0.36� 0.03Þ rad with a significance of 5.5 σ taking into account systematic uncertainty. This
result indicates a nonzero phase between the transition amplitudes of theΛΛ̄ helicity states. Additionally, we
measure the angular distribution parameter and themodulus of the ratio between the psionic form factors to be
η ¼ 0.86� 0.05� 0.03 and RðsÞ ¼ jGEðsÞ=GMðsÞj ¼ 0.47� 0.08� 0.05, where the first uncertainty is
statistical and the second systematic.
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Understanding the structure of baryons is a major goal of
contemporary particle physics [1–4]. In the context of
quantum chromodynamics (QCD), electromagnetic form
factors (EMFFs) serve as important observables that con-
nect measurable quantities to theoretical predictions. In the
1960s, Cabibbo and Gatto [5] first proposed that timelike
EMFFs could be studied at eþe− experiments by measuring
the production cross sections of baryon-antibaryon pairs. A
large amount of research has been carried out regarding
nucleon and strange hyperon EMFFs in the timelike
momentum transfer regions (s > 0) [6], where s is the
square of the center-of-mass (c.m.) energy. Among them,
the proton, being a stable particle, can serve as a suitable
target for studying its spacelike EMFFs through scattering
experiments. A more recent study also revealed that for
large s, the d-quark contributions to the proton EMFFs are
reduced relative to the u-quark contributions [7]. In contrast
to the proton, unstable hyperons with finite lifetimes are not
suitable for such scattering experiments. Instead, the
interaction in eþe− collisions allows access to timelike
EMFFs of hyperons due to virtual photon production in the
eþe− interaction which facilitates the quantitative assess-
ment of the electromagnetic structure. Experimentally
accessible timelike EMFFs are connected with the space-
like quantities, such as charge and magnetization densities,

through the dispersion relation [8]. The pair production of
spin-1=2 baryons can then be parametrized by the electric
form factorGEðsÞ and themagnetic form factorGMðsÞ [4,9],
which are analytic functions of the momentum transfer
squared. In the timelike region, the EMFFs are complex
and have a relative phase ΔΦ ¼ ΔΦE − ΔΦM, i.e.,
GEðsÞ=GMðsÞ ¼ ReiΔΦ with the modulus of the ratio of
EMFFs R ¼ jGEðsÞ=GMðsÞj. This relative phase ΔΦ
reflects interfering production amplitudes and has a polar-
izing effect on the final state even if the initial state is
unpolarized [10]. This provides a handle to study the
asymptotic properties of the timelike EMFFs related to the
intrinsic structure of hyperons at large s, where the spacelike
and timelike EMFFs should converge to the same value. For
protons, the onset of this scale can be studied by measuring
spacelike and timelike EMFFs, but it is hard to access to
polarisation in these experiments. Forground-state hyperons,
on the other hand, the weak parity-violating decays provide
straightforward access to their polarization and allow the
measurement of the relative phase in the timelike region.
Experimentally, the first determination of the effective

form factor of the Λ hyperon was reported by the BABAR
experiment using the initial state radiation (ISR) method
[11]. Subsequently, Dobbs et al. reported the measurements
of the timelike EMFFs of several baryons [12,13]. Their
conclusions regarding EMFFs and diquark correlations
[14] rely on the assumption that one-photon exchange
dominates the production process and that contributions to
the production through charmonium resonances are negli-
gible. The spin formalism introduced in Ref. [15] is also
appropriate in the vicinity of vector charmonia. In this case,
the form of the hadron current matrix element for the
charmonia process is the same as for the virtual photon
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process. However, the form factors determined on reso-
nance receive contributions from charmonium decays, both
electromagnetic and through the strong interaction, in
addition to the purely electromagnetic one-photon
exchange. Recently, the BESIII collaboration performed
a pioneering measurement of the relative phase, the
modulus of the timelike EMFFs ratio and spin polarizations
of the hyperons near threshold [16–19], around the reso-
nances of vector charmonia [20–29] and above the open
charm threshold [30,31–34] by considering quantum entan-
glement of the hyperon and antihyperon. This resulted in
increased activity within the theoretical community, encom-
passing a variety of approaches including hyperon-antihy-
peron final state interactions [35,36], vector meson
dominance [37–40], the covariant spectator model [41,42],
and dispersive calculations [43,44]. In this Letter, we report
an observation of transverse polarization and determination
of timelike psionic form factors of the Λ hyperon using a
multidimensional angular distribution analysis with a com-
plete decomposition of the spin structure of the mixing
process of eþe− → γ�=ψ → ΛΛ̄. Note that the reaction in
this work is a mixture of the virtual photon process and the
potential ψð3770Þ resonance. In other words, the EM
interaction is inherently involved. The measured form factor
is a mixture of the EM and psionic form factors.
A dataset corresponding to an integrated luminosity of

20.3 fb−1 collected at
ffiffiffi
s

p ¼ 3.773 GeV [45,46] by the
BESIII detector [47] at the BEPCII collider [48] is
analyzed, which is about seven times larger than the one
used in the previous study [31]. To determine the detection
efficiency and perform the unbinned maximum likelihood
fit, 107 Monte Carlo (MC) simulated events are generated
using KKMC [49,50], which includes the ISR effect. The
eþe− → ΛΛ̄ and ΛðΛ̄Þ to pπ−ðp̄πþÞ decays are simulated
according to a phase space (PHSP) model using EVTGEN

[51,52]. The response of the BESIII detector is modeled
using a framework based on GEANT4 [53,54].
To describe the process of eþe− → ΛΛ̄ → pp̄πþπ−, it is

essential to acquire information about each particle in the
coordinate system of the parent particle. Here, a right-
handed coordinate system is used according to that pro-
vided in Ref. [55] to describe hyperon decays and the
orientation of p=p̄, see Fig. 1.
In Ref. [55], the timelike EMFFs ratio (R), the relative

phaseΔΦ and the angular distributionparameterη are used to
describe the process eþe− → γ�=ψ → ΛΛ̄. For eþe− → γ�=
ψ → ΛΛ̄ → pp̄πþπ−, the joint decay angular distribution of
this process is expressed in terms of the parameters of ΔΦ
and η as

Wðξ;ΩÞ ¼ F 0ðξÞ þ ηF 5ðξÞ þ αΛαΛ̄½F 1ðξÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1− η2

q
cosðΔΦÞF 2ðξÞ þ ηF 6ðξÞ�

þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1− η2

q
sinðΔΦÞ½αΛF 3ðξÞ þ αΛ̄F 4ðξÞ�: ð1Þ

Here,Ω ¼ ðη;ΔΦ;αΛ; αΛ̄Þ is the polarization parameters
and the ξ ¼ ðθΛ; θp; θp̄;ϕp;ϕp̄Þ is the measured angles
defined in Fig. 1. The angular functions F jðξÞ ðj ¼
0; 1;…; 6Þ are defined as

F 0¼1;

F 1¼sin2θΛ sinθpsinθp̄cosϕpcosϕp̄−cos2θΛcosθpcosθp̄;

F 2¼sinθΛcosθΛðsinθpcosθp̄cosϕp−cosθpsinθp̄cosϕp̄Þ;
F 3¼−sinθΛcosθΛ sinθpsinϕp;

F 4¼sinθΛcosθΛsinθp̄sinϕp̄;

F 5¼cos2θΛ;

F 6¼sin2θΛ sinθpsinθp̄sinϕpsinϕp̄−cosθpcosθp̄: ð2Þ

Note that the difference for the FiðξÞ definition in Eq. (2)
compared to the previous work [31] is due to the different
choice of coordinate systems in Ref. [55] and Ref. [15].
Furthermore, αΛðΛ̄Þ represents the decay parameters of
ΛðΛ̄Þ → pπ−ðp̄πþÞ and η denotes the scattering angle
distribution parameter related to R by

η ¼ τ − R2

τ þ R2
; ð3Þ

with τ ¼ s=4m2
Λ. Since the production process is either

strong or electromagnetic and thus parity conserving, if the
initial state is unpolarized, nonzero transverse polarization
can only occur in the direction normal to the production
plane, i.e., the y direction. The hyperon transverse polari-
zation is defined as

FIG. 1. Coordinate system utilized to describe the eþe− →
ΛΛ̄ → pp̄πþπ− process. The ẑe axis is defined as the direction
of eþ. The ẑΛ=Λ̄ axis is determined as the direction of the
Λ=Λ̄ particle emission. The ŷΛ=Λ̄ ¼ ẑe × ẑΛ=Λ̄, and x̂Λ=Λ̄ ¼
ŷΛ=Λ̄ × ẑΛ=Λ̄. The θΛ is the angle between the Λ hyperon and
eþ in eþe− c.m. The angles θp=p̄ and ϕp=p̄ are the polar and
azimuthal angles of the p=p̄ momentum direction in the Λ=Λ̄ rest
frame, respectively. ThevLTΛ=Λ̄ is the Lorentz transformationwith the

velocity of vΛ=Λ̄.
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Py ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2

p
sin θΛ cos θΛ

1þ ηcos2θΛ
sinðΔΦÞ: ð4Þ

Charged tracks are reconstructed in the multilayer drift
chamber within its angular coverage, j cos θj < 0.93, where
θ is the polar angle with respect to the eþ beam direction in
the laboratory system. The numbers of negatively and
positively charged tracks of events are both larger than 1.
Charged tracks with momenta greater than 0.6 GeV=c [56]
are identified as pðp̄Þ, while others are assigned as πþðπ−Þ.
For further analysis, fully reconstructed eþe− → ΛΛ̄

events with Λ → pπ− and Λ̄ → p̄πþ are selected.
To reconstruct ΛðΛ̄Þ candidates, a vertex fit and a secon-
dary vertex fit [57] are applied to all combinations of one
pðp̄Þ track and one π−ðπþÞ track. From all possible
combinations, the one with the minimum value offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jMpπ− −mΛj2 þ jMp̄πþ −mΛ̄j2

q
is selected. Here,

Mpπ−ðp̄πþÞ denotes the invariant mass of the pπ−ðp̄πþÞ
pair, andmΛðΛ̄Þ represents the nominal mass ofΛðΛ̄Þ [6]. To
further suppress background contributions from non-ΛðΛ̄Þ
events, the decay lengths of Λ and Λ̄ are both required to be
greater than zero, where the negative decay lengths are due
to detector resolution.
After ΛðΛ̄Þ reconstruction, a four-constraint (4C) kin-

ematic fit is applied to all ΛðΛ̄Þ hypotheses, enforcing
energy-momentum conservation from the initial eþe− to
the final ΛðΛ̄Þ state and combined with the requirement of
χ24C < 100. Figure 2 shows the distribution of Mp̄πþ versus
Mpπ− after applying all above selection. The invariant mass
ofpπ−ðp̄πþÞ is required to bewithin 5 MeV=c2 of theΛðΛ̄Þ
mass taken from [6] (jMpπ−ðp̄πþÞ −mΛðΛ̄Þj < 5 MeV=c2).
The signal region, denoted by S in Fig. 2, is determined and
optimized using the figure of merit S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
derived from

the MC sample. Here, S represents the number of signal MC

events, and B corresponds to the expected number of
background events from the inclusive MC simulation of
eþe− → hadron events. The background comes from non-
ΛðΛ̄Þ events, such as eþe− → πþπ−pp̄, that can be esti-
mated using the cornermethod, i.e.,

P
4
i¼1 Bi=4 forMpπ− and

Mp̄πþ windows. Here, the definition for regions (Bi) dis-
played in Fig. 2 is the same as the one used in Ref. [31]. The
number of background events estimated from the aforemen-
tioned corner method is 4� 2, which is negligible. To
estimate peaking background contributions such as
eþe− → γψð3686Þ → γΛΛ̄, an inclusive MC sample of
ψð3770Þ is employed. The number of background events
of ISR ψð3686Þ is estimated to be 39� 6 events with a
background level of approximately 1.8% of the signal yield.
Note that the possible backgrounds for Σ0 → γΛ and K0

S
decays are highly suppressed based on the event selection
criteria introduced above. The number of observed events in
data is determined to be 2194� 48 with a signal MC
efficiency of ð37.00� 0.03Þ%.
To determine the set of Λ spin polarization parameters

(ΔΦ; η), an unbinned maximum likelihood fit is performed.
In the fit, αΛ=Λ̄ is fixed to �0.7542 by referring to [23]
assuming charge-parity conservation. The likelihood func-
tion L is constructed from the probability density function,
PðξiÞ, for the event i characterized by the measured angles
ξi as

L ¼
YN
i¼1

Pðξi;ΩÞ ¼
YN
i¼1

CWðξi;ΩÞϵðξiÞ; ð5Þ

where N is the number of events in the signal region. The
joint angular distribution Wðξi;ΩÞ is given in Eq. (1), and
ϵðξiÞ is the detection efficiency. The normalization factor
C−1 ¼ 1

NMC

PNMC
j¼1 Wðξj;ΩÞ is calculated as a sum of the

corresponding amplitudes W from the accepted PHSP MC
events NMC, applying the same event selection criteria as to
the data. The minimization of the objective function
defined as

S ¼ − lnLS þ lnLB; ð6Þ

is conducted using theMINUIT package from the ROOT library
[58]. In Eq. (6), LS and LB represent the likelihood function
for events chosen in the signal region and sideband regions.
Figure 3 shows the distributions of the five moments Fj

(j ¼ 1, 2, 3, 4, 6). They are the projections ofF j (j ¼ 1, 2, 3,
4, 6) inEq. (2) onto cos θ, defined asFj ¼

P
N
i ðF jðξiÞÞ.And

the Λ angular distribution (F0 þ ηF5) is analyzed with
respect to cos θΛ in ten intervals.
The moment

Mðcos θΛÞ ¼ −
m
N

XNk

i

ðsin θip sinϕi
p þ sin θip̄ sinϕ

i
p̄Þ; ð7Þ

FIG. 2. Two-dimensional distribution of Mp̄πþ versus Mpπ− for
data, where the red box indicates the signal region, and the green
boxes show the selected sideband regions.
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is related to the transverse polarization and calculated for
m ¼ 10 intervals in cos θΛ. Here,Nk denotes the number of
events in the kth cos θΛ interval. And N ¼ P

m
k Nk is the

number of observed events in the dataset. The expected
angular dependence of the moment for the acceptance-
corrected data reads

Mðcos θΛÞ ¼ ðαΛ − αΛ̄Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2

p

3þ η
sinΔΦ cos θΛ sin θΛ ð8Þ

¼ ðαΛ̄ − αΛÞ
1þ ηcos2θΛ

3þ η
Py: ð9Þ

Figure 4 shows the distribution of theMðcos θΛÞ defined in
Eq. (7), reflecting the fit result. It is consistent with the
behavior described by Eq. (4) when compared to the data.
The significance of the transverse polarization signal,
considering systematic uncertainties, is determined to be
5.5σ by comparing the likelihoods with and without
transverse polarization.
Systematic uncertainties in the measurement of Λ

hyperon polarization arise from various sources, including
background contributions, Λ reconstruction, kinematic fit,
beam transverse polarization, decay parameters ofΛ → pπ,
and the fitmethod. The background contributions include the
sideband region, which describes the non-ΛðΛ̄Þ background
and ISR ψð3686Þ background. The uncertainty due to
background candidates is estimated by comparing the fits
with and without the background contributions, where the
contribution from the ISR ψð3686Þ background is the
dominant one. To estimate the uncertainty related to the Λ

reconstruction including the tracking, the requirement on the
mass window and decay length of Λ, it is studied from a
control sample of ψð3686Þ → ΛΛ̄ events. The uncertainty
arising from this source is evaluated using the same method
as in Ref. [24]. The discrepancy between the nominal and
average values obtained from variations is taken as the
systematic uncertainty. The uncertainty associated with the
kinematic fit is assigned as the results with and without track
helix parameter corrections [59]. The systematic uncertainty
originating from the transverse beam polarization is esti-
mated by changing the joint decay angular distribution W
according to Ref. [60]. The difference of results between the
nominal and released parameters of transverse beam polari-
zation is taken as the systematic uncertainty. The uncertainty
caused by the fixed decay parameters of αΛ=Λ̄ is estimated by
varying mean values obtained from averaging results in [23]
within�1σ. The change of the result is negligible and thereby
the related uncertainty is neglected. The reliability of the fit
results is validated by performing an input and output check
based on 300 pseudoexperiments using the helicity amplitude
formula from Ref. [23]. The mean value of polarization
parameters measured in the analysis (η ¼ 0.86, ΔΦ ¼ 1.53)
are used as input in the formula, and the number of events in
each generated MC sample is ten times of the data sample.
The difference between the input andoutput results is taken as
the systematic uncertainty. Assuming all sources to be
independent, the total systematic uncertainty is calculated
as the square root of their quadratic sum. All systematic
uncertainties are listed in Table I.
In summary, we report the observation of transverse

polarization and complete determination of timelike
psionic form factors of the Λ hyperon in the eþe− →
ΛΛ̄ process at

ffiffiffi
s

p ¼ 3.773 GeV, using a data sample
corresponding to an integrated luminosity of 20.3 fb−1

collected by the BESIII detector, offering a higher precision
compared with the previous measurement [31]. The relative
phase, the angular distribution parameter and the modulus

FIG. 3. Fk (k ¼ 1, 2, 3, 4, 6) moment and F0 þ ηF5 distribution
(last panel) with respect to cos θΛ. The dots with error bars are
the data, and the red line is the weighted PHSP MC corrected by
the results of the global fit in Eq. (6). The blue dashed line is the
distributions for unweighted simulated PHSP events.

FIG. 4. Moments Mðcos θΛÞ as a function of cos θΛ. The dots
with error bars are data, and the red line is the weighted PHSP
MC corrected by the results of the global fit in Eq. (6). The blue
dashed line is the distributions from simulated PHSP events.
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of the timelike psionic form factors ratio are measured to be
ΔΦ ¼ ð1.53� 0.36� 0.03Þ rad, η ¼ 0.86� 0.05� 0.03
and R ¼ 0.47� 0.08� 0.05, respectively, where the first
uncertainty is statistical and the second systematic. For the
first time, we observe a relative phase that differs signifi-
cantly from zero (at 5.5σ, taking systematic uncertainties
into account) in the high momentum transfer region
(s > 14 GeV2). A comparison of ΔΦ and R between this
work and previous measurements at different c.m. energies
[16,23,31,56] are illustrated in Fig. 5. The measured
polarization in this work is consistent with and more
precise than the previous measurements at

ffiffiffi
s

p ¼
3.773 GeV [23], and ΔΦ is also roughly consistent with
the results at other c.m. energies with an uncertainty of
ð1–2Þσ. However, noticeable differences exist in the R
value between this work and other c.m. energies. In
particular, this measurement compared to the one at

ffiffiffi
s

p ¼
2.396 GeV below the region of charmonium production
indicates potential variations in production mechanisms at
different c.m. energies.
Spin-1=2 hyperons produced in a hyperon-antihyperon

pair can have either the same or opposite helicity. The
nonvanishing relative phase ΔΦ between the transition

amplitudes of these helicity states implies the contributions
not only from the S-wave but also D-wave amplitudes to
ΛΛ̄ production. Since the measured R values suggest an
energy dependence of this value, more data samples at
various c.m. energies are needed for a detailed study of the
phase dependence on the momentum transfer squared, s.
The clear and prominent signal enhances our understanding
of the ΛΛ̄ production mechanism within the eþe− →
γ�=Ψ → ΛΛ̄ process, providing valuable insights into the
structure of baryons.
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TABLE I. Absolute systematic uncertainties in the measure-
ment of the Λ hyperon polarization parameters.

Source η ΔΦ (rad) R

Backgrounds 0.02 0.01 0.04
Λ reconstruction 0.02 0.01 0.04
Kinematic fit 0.00 0.01 0.00
Beam transverse polarization 0.00 0.02 0.00
Fit method 0.00 0.02 0.00
Total 0.03 0.03 0.05

FIG. 5. Two-dimensional distribution of ΔΦ and R between
this work and previous BESIII measurements at different c.m.
energies [16,23,31,56]. The uncertainty combines both statistical
and systematic uncertainties. The inner, intermediate and outer
contours in orange represent 68.2%, 95.4%, and 99.7% confi-
dence level, respectively.
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