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Using a data sample of ψð3770Þ events collected with the BESIII detector at BEPCII corresponding to an
integrated luminosity of 2.9 fb−1, we report a measurement of Λ spin polarization in eþe− → ΛΛ̄ atffiffiffi
s

p ¼ 3.773 GeV. The significance of polarization is found to be 2σ including the systematic uncertainty,
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which implies a zero phase between the transition amplitudes of the ΛΛ̄ helicity states. This phase can be
interpreted in terms of psionic form factors, and is determined to be ΔΦΨ ¼ ΦΨ

E −ΦΨ
M ¼ ð71þ66

−46 � 5Þ°.
Similarly, the ratio between the form factors is found to be Rψ ¼ jGΨ

E=G
Ψ
Mj ¼ 0.48þ0.21

−0.35 � 0.03. The first
uncertainties are statistical and the second systematic.

DOI: 10.1103/PhysRevD.105.L011101

The study of baryon pair production in eþe− annihilation
provides an ideal system to probe the structure of baryons.
The importance of baryon structure was pointed out as
early as 1960 [1], but until recently, most experimental
investigations have focused on protons and neutrons (for a
review, see Ref. [2]). It is straightforward to access the
spacelike electromagnetic structure of protons, which is
quantified in terms of electromagnetic form factors
(EMFFs), through elastic electron-proton scattering. This
is not the case for unstable baryons with finite lifetime
which cannot be used in such scattering experiments.
Instead, eþe− processes allow access to timelike
EMFFs.The timelike form factors are related to more
intuitive spacelike quantities such as charge and magneti-
zation densities by dispersion relations [3]. At eþe− center-
of-mass (CM) energies that do not overlap with vector
resonances, baryon pair production is dominated by one-
photon exchange. The pair production of spin-1=2 baryons
can then be parametrized by the electric form factorGE and
the magnetic form factor GM which are analytic functions
of the momentum transfer squared, q2. In the timelike
region, where q2 > 0, the EMFFs are complex and have a
relative phase ΔΦ ¼ ΦE −ΦM. The phase is a reflection of
interfering production amplitudes, and has a polarizing
effect on the final state even if the initial state is unpolarized
[4]. This provides a handle to study the asymptotic proper-
ties of the EMFFs: at large jq2j, 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. Ground-state baryons, however, have
an advantage that compensates for their inaccessibility in
the spacelike region: their weak parity-violating decay
gives straightforward access to the polarization.
Until recently, experimental data on baryon EMFFs was

very limited. The BABAR collaboration reported the first
results on the cross sections for processes eþe− → ΛΛ̄,
Σ0Σ̄0, ΛΣ0 by using the initial state radiation (ISR)
technique. They measured the effective form factor, which
is related to both the cross section assuming one-photon
exchange and to the modulus of the ratio R ¼ jGE=GMj.
However, because of the limited data sample, the experi-
ment reported a limited on the relative phase between the Λ
electric and magnetic form factors [5]. Subsequently, the
CLEO collaboration measured the cross sections of baryon
pairs (p, Λ, Σ0, Ξ− and Ω−) at the charmonium resonances
[6,7]. Their conclusions regarding EMFFs and diquark

correlations rely on the assumption that one-photon
exchange dominates the production process and that
decaying charmonia contributions are negligible [6,7]. In
the vicinity of ψð3770Þ peak, the eþe− → ΛΛ̄ is still
dominated by virtual photon, although the statistical
significance is about 4σ for ψð3770Þ → ΛΛ̄ [8]. The
BESIII collaboration has also studied the Λ EMFFs with
data taken at several CM energy points from 2.2324 to
3.08 GeV [9,10].
In the vicinity of vector charmonia, the spin formalism of

Ref. [11] is still valid, except that the amplitudes no longer
represent electromagnetic form factors but instead hadronic
or psionic form factors, GΨ

E and GΨ
M. Polarization effects in

eþe− collisions were neglected in previous studies [12–20].
Recently, the Σþ baryon polarization was studied by the
BESIII collaboration in eþe− → J=ψ ;ψð3686Þ → ΣþΣ̄−

processes [21]. The results do not only reveal a nonzero
relative psionic phase, but also that the phase changes sign
at the ψð3686Þ mass with respect to the value measured at
the J=ψ resonance. Subsequently, the Λ polarization and
ΛΛ̄ entanglement were studied in the eþe− → J=ψ → ΛΛ̄
process by the BESIII collaboration [22], and study of
eþe− → ψð3686Þ → ΛΛ̄ is underway. The measurement in
Ref. [10] is performed in the low-energy, off-resonance
region where one-photon exchange is a valid assumption,
in contrast to the measurement at the J=ψ resonance [22]
where production through J=ψ should be completely
dominating. The energy point at 3.773 GeV is interesting
in this regard since we learned from Ref. [8] that the
production occurs through an interplay of one-photon
and ψð3770Þ exchange, i.e., its amplitudes represent
EM-psionic form factor. The production at 3.773 GeV is
dominated by different mechanisms compared to the
reactions in Refs. [10,22], and the study in this work will
be complementary to them. The very large data set
corresponding to an integrated luminosity of 2.9 fb−1,
collected at the CM energy of 3.773 GeV [23] with the
BESIII detector [24] at BEPCII [25], enables such a study
for the first time.
The eþe− → γ=Ψ → ΛΛ̄ → pp̄πþπ− process can be

fully described by the Λ scattering angle in the CM system
of the reaction, θΛ, and the pðp̄Þ direction in the rest frame
of its parent particle, n̂1 (n̂2). We use a right-handed system
for each baryon decay as defined in Fig. 1, with the z-axis is
defined along the Λmomentum pΛ ¼ −pΛ̄− ¼ p in the CM
system. The y-axis is taken as the normal to the scattering
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plane, ke− × pΛ, where ke− ¼ −keþ ¼ k is the electron
beam momentum in the CM system. For the determination
of the psionic form factor ratio RΨ and phase ΔΦΨ, the
angular distribution αΨ (but not its absolute normalization)
is of interest. In Ref. [11], the joint decay angular
distribution of the processes eþe− → ΛΛ̄ → pp̄πþπ− is
expressed in terms of the phase ΔΦΨ and the angular
distribution parameter

WðξÞ¼1þαΨcos2θΛþαΛαΛ̄½sin2θΛðn1;xn2;x−αΨn1;yn2;yÞ
þðcos2θΛþαΨÞn1;zn2;z�
þαΛαΛ̄½

ffiffiffiffiffiffiffiffiffiffiffiffi
1−α2Ψ

q
cosΔðΦΨÞsinθΛcosθΛðn1;xn2;z

þn1;zn2;xÞ�
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1−α2Ψ

q
sinΔðΦΨÞsinθΛcosθΛðαΛn1;yþαΛ̄n1;yÞ;

ð1Þ

where αΛðΛ̄Þ denotes the decay asymmetry of the ΛðΛ̄Þ →
pπ−ðp̄πþÞ decay. The scattering angle distribution param-
eter αΨ, is related to the ratio RΨ by

RΨ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τð1 − αΨÞ
1þ αΨ

s
; ð2Þ

where τ ¼ s=4m2
Λ, and s is the square of the CM energy. If

the initial state is unpolarized, and the production process is
either strong or electromagnetic and hence parity conserv-
ing, then a nonzero polarization is only possible in the
transverse, or y, direction. The polarization is given by

Py ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2Ψ

q
sin θΛ cos θΛ

1þ αΨ cos2 θΛ
sinðΔΦΨÞ: ð3Þ

Full reconstructed eþe− → ΛΛ̄ events with Λ → pπ−

and Λ̄ → p̄πþ are selected for further analysis. To deter-
mine the detection efficiency for the decay eþe− → ΛΛ̄ atffiffiffi
s

p ¼ 3.773 GeV, 200 million Monte Carlo (MC) events
are generated according to a phase space model corre-
sponding to αΨ ¼ 0 using the KKMC generator [26,27],
which includes the initial state radiation (ISR) effect. The
ΛðΛ̄Þ decays into pπ−ðp̄πþÞ are simulated using EVTGEN

[28,29]. The response of the BESIII detector is modeled
with MC simulations using a framework based on
GEANT4 [30,31].
Charged tracks are required to be reconstructed in the

multilayer drift chamber (MDC) within its angular cover-
age: j cos θj < 0.93, where θ is the polar angle with respect
to the eþ beam direction in the laboratory system. Events
with two negatively charged tracks and two positively
charged tracks are kept for further analysis.
To reconstruct ΛðΛ̄Þ candidates, a secondary

vertex fit [32] is applied to all combinations of one
positively charged track and one negatively charged track.
From all combinations, the one with the minimum

value of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jMpπ− −mΛj2 þ jMp̄πþ −mΛ̄j2

q
is selected.

Here, Mpπ−ðp̄πþÞ is the invariant mass of the pπ−ðp̄πþÞ
pair, and mΛðΛ̄Þ is the known mass of ΛðΛ̄Þ taken from the
PDG [33]. The combinations with χ2 < 500 with 3 degrees
of freedom are kept for further analysis. To further suppress
background from non-Λ events, the Λ decay length is
required to be greater than zero, where the negative decay
lengths are due to the detector resolution.
To suppress further background contributions and

improve the mass resolution, a four-constraint (4C) kin-
ematic fit imposing energy-momentum conservation from
the initial eþe− to the final ΛΛ̄ state is applied for all ΛΛ̄
hypotheses after the ΛðΛ̄Þ reconstruction, combined with
the requirement of χ24C < 200. Figure 2 shows the distri-
bution of Mp̄πþ versus Mpπ− . A clear accumulation of
events aroundΛmass can be seen. The pπ−ðp̄πþÞ invariant
mass, Mpπ−ðp̄πþÞ is required to be within 5 MeV=c2 of the
known ΛðΛ̄Þ mass. The signal region marked by S in
Fig. 2 is determined with the figure of merit Sffiffiffiffiffiffiffi

SþB
p based on

the MC simulation, where S is the number of signal MC
events and B is the number of the background events
expected from simulation of generic eþe− → hadron
events. After applying the event selection criteria to the
data, the remaining background contamination in this
analysis comes mainly from non-ΛðΛ̄Þ events, such as
eþe− → πþπ−pp̄. The number of background events is
estimated using the corner method, i.e.,

P
4
i¼1 Bi=4 for

Mpπ− and Mp̄πþ windows, where i runs over the four
regions shown in Fig. 2, i.e.,

(i) B1∶½1.0957; 1.1057� and ½1.1257; 1.1357� GeV=c2,
(ii) B2∶½1.1257; 1.1357� and ½1.1257; 1.1357� GeV=c2,
(iii) B3∶½1.0957; 1.1057� and ½1.0957; 1.1057� GeV=c2,

FIG. 1. Definition of the coordinate system used to describe the
eþe− → ΛΛ̄ → pp̄πþπ− reaction. TheΛ particle is emitted along
the zΛ axis direction, and the Λ̄ in the opposite direction. The yΛ
axis is perpendicular to the plane of Λ and e−, and the xΛ axis is
defined by a right-hand coordinate system. The Λ decay product,
the proton, is measured in this coordinate system.
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(iv) B4∶½1.1257; 1.1357� and ½1.0957; 1.1057� GeV=c2.
The size of the final data sample is 262 events with a
statistical uncertainty of 16 events. The estimated back-
ground from the aforementioned corner method is ∼2
events. This implies a background level of ≈0.5%, which
is a negligible contamination of the signal.
To determine the set of Λ spin polarization parameters

Ω ¼ fΔΦΨ; αΨg, an unbinned maximum likelihood fit is
performed to extract the decay parameters, where the
decay parameters αΛ=Λ̄ are fixed to the value 0.754
obtained from the average in Ref. [22] assuming CP
conservation. In the fit, the likelihood function L is
constructed from the probability density function
(PDF), PðξiÞ, for an event i characterized by the measured
angles ξi

L ¼
YN
i¼1

Pðξi;ΩÞ ¼
YN
i¼1

CWðξi;ΩÞϵðξiÞ; ð4Þ

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

NMC

PNMC
j¼1 Wðξj;ΩÞ is given by the sum of the

corresponding amplitude W using the accepted MC
events NMC, and the difference between data and MC
simulation is taken into account. The objective function
minimization defined as

S ¼ − lnLdata þ lnLbg; ð5Þ

is performed with the MINUIT package from the CERN
library [34]. Here, Ldata is the likelihood function of
events selected in the signal region, and Lbg is the
likelihood function of background events determined in
the sideband regions. Figure 3 shows fitted distributions

of the five moments F kðk ¼ 1; 2;…5Þ with respect to the
cos θΛ defined in Eq. (6) and the cos θΛ distribution.

F 1 ¼
XNðmÞ

i

ðsin2θΛni1;xni2;x þ cos2θΛni1;zn
i
2;zÞ;

F 2 ¼
XNðmÞ

i

sin θΛ cos θΛðni1;xni2;z þ ni1;zn
i
2;xÞ;

F 3 ¼
XNðmÞ

i

sin θΛ cos θΛni1;y;

F 4 ¼
XNðmÞ

i

sin θΛ cos θΛni2;y;

F 5 ¼
XNðmÞ

i

ðni1;zni2;z − sin2θΛni1;yn
i
2;yÞ: ð6Þ

The moments are calculated for 10 intervals in cos θΛ,
NðmÞ is the number of events in the mth cos θΛ interval.
The numerical fit results, with asymmetric uncertainties,
are summarized in Table II.
Figure 4 shows the result of the fit in the Py distribution,

which is consistent with the behavior of Eq. (3) as

)2 (GeV/c-πpM
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FIG. 2. Two-dimensional distribution of Mp̄πþ versus Mpπ− for
data, where the red solid box indicates the signal region, the green
dashed boxes show the selected background regions.
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FIG. 3. Distributions of F kðk ¼ 1; 2;…5Þ moments with re-
spect to the cos θΛ and the cos θΛ distribution (bottom right). The
dots with error bars are data, and the red lines are the fit results.
The blue dashed line represents the distribution of the simulated
events evenly distributed in phase space, without polarization.
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compared to the data. The significance of the polarization
signal is found to be 2σ considering the systematic
uncertainties, and is estimated by comparing the like-
lihoods of the baseline fit and the one assuming no
polarization. Therefore, with the current data sample, the
relative phase is compatible with zero. The effect by fixing
the decay parameters αΛ=Λ̄ values is estimated conserva-
tively by varying the parameters by one standard derivation,
and the combination with the smallest significance is
adopted. The moment given by

Mðcos θΛÞ ¼
m
N

XNðmÞ

i

ðni1;y − ni2;yÞ; ð7Þ

is related to the polarization, and calculated for m ¼ 10
intervals in cos θΛ. Here, N is the total number of events in
the data sample, and Nðcos θΛÞ is the number of events in
the cos θΛ intervals. In the limit of CP conservation,
αΛ ¼ −αΛ̄, and the expected angular dependence is

Mðcos θΛÞ ∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2Ψ

q
αΛ̄ sinΔΦΨ cos θΛ sin θΛ as shown

in Fig. 4 according to Eq. (1).
Systematic uncertainties on the measurement of the Λ

baryon polarization in the eþe− → ΛΛ̄ process arise due to
the fit method, the requirements on the pπ− mass window,
the kinematic fit and the decay parameters of Λ → pπ. To
validate the reliability of the fit results, an input and output
check based on 500 pseudoexperiments is performed with
the helicity amplitude formula in Ref. [22]. The polariza-
tion parameters measured in this analysis are used as input
in the formula, and the number of events in each generated
MC sample is the same as in the data sample. The
differences between the input and output results are taken

as the systematic uncertainty caused by the fitting method.
The uncertainty due to the Λ reconstruction including the
tracking, the requirements on the mass window and on the
decay length of the Λ is determined from a control sample
of J=ψ → ΛΛ̄ events. The uncertainty is found to be
negligible. The systematic uncertainty due to the kinematic
fit is estimated with the same control sample, J=ψ → ΛΛ̄,
with and without a helix correction [21], and it is found to
negligible. The uncertainties from the decay parameters of
Λ → pπ−, αΛ=Λ̄, are estimated by varying the baseline
value, obtained from averaging the results in Ref. [22], by
�1σ. The largest difference in the result is taken as the
systematic uncertainty. Assuming all sources are indepen-
dent, the total systematic uncertainties on the measurement
of the polarization parameters for the eþe− → ΛΛ̄ →
pp̄πþπ− process are determined by the square root of
the quadratic sum of these sources as listed in Table I.
In summary, using a data sample corresponding to an

integrated luminosity of 2.9 fb−1 collected with the BESIII
detector at BEPCII, we report the measurement of Λ spin
polarization in eþe− → ΛΛ̄ process at

ffiffiffi
s

p ¼ 3.773 GeV.
The relative EM-psionic form factor phase, the ratio
of the form factors and the angular distribution
parameter are determined to be ΔΦΨ¼ð71þ66

−46�5Þ°,
RΨ¼ 0.48þ0.06

−0.10 �0.01, and αΨ ¼ 0.85þ0.21
−0.35 � 0.03, respec-

tively, where the first uncertainties are statistical and the
second ones systematic. The measured phase differs from
zero with a significance of 2σ including the systematic
uncertainties. A comparison between this and previous
measurements in eþe− → ΛΛ̄ [9] at 2.396 GeVand J=ψ →
ΛΛ̄ [22] is shown in Table II. Within the relatively large
uncertainties, the value of the phase does not vary consid-
erably between the different energy points. But the αΨ
values are obviously different for three energy points. It is a
hint of different production mechanisms among them.
More data samples at different energy points are needed
for a detailed understanding of the phase dependence on the
momentum transfer squared, q2. Spin-1=2 baryons pro-
duced in a baryon-antibaryon pair can have either the same
or opposite helicity. A nonvanishing phase ΔΦ between the
transition amplitudes of these helicity states implies that
not only the s-wave but also the d-wave amplitude
contribute to the ΛΛ̄ production. This manifests itself in
a polarized final state. The uncertainty of the measured ΔΦ
value at 3.773 GeV is large due to the limited data sample

1− 0.5− 0 0.5 1

Λθcos

1−

0.5−

0

0.5
)

Λθ
M

(c
os

FIG. 4. The moments Mðcos θΛÞ as a function of cos θΛ for the
eþe− → ΛΛ̄ process at

ffiffiffi
s

p ¼ 3.773 GeV. Points with error bars
are data, the red solid line is the fit result of the global fit based on
Eq. (7), and the blue dashed line represents the distribution
without polarization from simulated events, evenly distributed in
the phase space.

TABLE I. The absolute systematic uncertainty on the measure-
ments of the Λ baryon polarization parameters.

Source αΨ ΔΦ (rad) RΨ

Fit method 0.02 0.08 0.03
Decay parameter 0.01 0.02 0.02
Total 0.02 0.08 0.04
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size. In order to better understand the underlying ΛΛ̄
production mechanism and the structure of the Λ baryon,
a larger data sample at this, and at other energy points, such
as the J=ψ peak, would be illuminating [35].
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