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The exclusive process eþe− → ΛΛ̄, with Λ → pπ− and Λ̄ → p̄πþ, has been studied at
ffiffiffi
s

p ¼ 2.396 GeV
for measurement of the timelike Λ electric and magnetic form factors, GE and GM . A data sample,
corresponding to an integrated luminosity of 66.9 pb−1, was collected with the BESIII detector for this
purpose. A multidimensional analysis with a complete decomposition of the spin structure of the reaction
enables a determination of the modulus of the ratio R ¼ jGE=GMj and, for the first time for any baryon, the
relative phase ΔΦ ¼ ΦE −ΦM. The resulting values are R ¼ 0.96�0.14ðstatÞ�0.02ðsystÞ and
ΔΦ ¼ 37°� 12°ðstatÞ � 6°ðsystÞ, respectively. These are obtained using the recently established and
most precise value of the asymmetry parameter αΛ ¼ 0.750� 0.010 measured by BESIII. In addition, the
cross section is measured with unprecedented precision to be σ ¼ 118.7�5.3ðstatÞ�5.1ðsystÞ pb, which
corresponds to an effective form factor of jGj ¼ 0.123�0.003ðstatÞ�0.003ðsystÞ. The contribution from
two-photon exchange is found to be negligible. Our result enables the first complete determination of
baryon timelike electromagnetic form factors.

DOI: 10.1103/PhysRevLett.123.122003

One of the most challenging questions in contemporary
physics is to understand the strong interaction in the
confinement domain, i.e., where quarks form hadrons.
This puzzle manifests itself in one of the most abundant
building blocks of the Universe: the nucleon. Neither its
size [1], its spin [2], nor its intrinsic structure [3] is fully
understood. The latter has been extracted from spacelike
electromagnetic form factors (EMFFs), fundamental prop-
erties of hadrons that have been studied since the 1960s [4].
In particular, the neutron charge distribution is intriguing
[3]. Hyperons provide a new angle on the nucleon puzzle:

What happens if we replace one of the u and d quarks with
a heavier s quark? A systematic comparison of octet
baryons sheds light on to what extent SU(3) flavor
symmetry is broken. The importance of hyperon structure
was pointed out as early as 1960 [5], but has not been
subjected to rigorous experimental studies until now. The
main reason is that spacelike EMFFs of hyperons are not
straightforward to access experimentally since their finite
lifetime makes them unsuitable as beams and targets.
Instead, the electromagnetic structure can be quantified
in terms of timelike form factors. These can be accessed in,
e.g., hyperon-antihyperon production in eþe− → γ� → YȲ,
where Y denotes the hyperon. The experimentally acces-
sible timelike form factors are related to more intuitive
spacelike quantities such as charge and magnetization
densities by dispersion relations [6].
Spin 1=2 baryons are described by two independent

EMFFs, commonly the electric form factor GE and the

Published by the American Physical Society under the terms of
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magnetic form factor GM. These are functions of the four-
momentum transfer squared, s ¼ q2: GE ≡GEðsÞ and
GM ≡GMðsÞ. As a consequence of the optical theorem,
timelike EMFFs above the two-pion threshold s ≥ 4m2

π

have a nonzero imaginary part. This means that if GE and
GM are different, they have a nonzero relative phase [7,8].
This phase, ΔΦ≡ ΔΦðsÞ, must be zero at the kinematic
threshold, where by definition the electric and the magnetic
form factors are equal.
The asymptotic behavior of the timelike EMFFs as

s → ∞ can be obtained from the corresponding spacelike
region as a consequence of the Phragmén-Lindelöf theorem
[9]. Since in the spacelike region, EMFFs are real, the same
must be true for the timelike region in the s → ∞ limit. This
means that the phase tends to integer multiples of π radians,
depending on the s power-law behavior [10,11] and the
eventual presence of spacelike zeros [8]. However, for
intermediate s the phase can have any value. This would
introduce polarization effects on the final state, even if the
initial state is unpolarized [7]. Thanks to the weak, parity
violating decays of hyperons, the polarization is exper-
imentally accessible. This provides unique opportunities
compared to nucleons.
The recent development of high-intensity electron-posi-

tron colliders in the strange and charm energy region offers
new possibilities for detailed structure studies of hyperons.
The first measurement of eþe− → ΛΛ̄ production was
reported by the DM2 Collaboration [12]. The first deter-
mination of the Λ EMFFs was provided by the BABAR
Collaboration, using the initial state radiation (ISR) method
[13]. However, the sample was insufficient for a clear
separation of the electric and magnetic form factors. An
attempt was made to extract the phase from the Λ
polarization, but the result was inconclusive [13]. The
cross section of the production of protons and ground-state
hyperons in eþe− annihilations at

ffiffiffi
s

p ¼ 3.69, 3.77, and
4.17 GeV was measured with CLEO-c data. The magnetic
form factors were extracted assuming jGEj ¼ jGMj [14].
The BESIII Collaboration performed in 2011–2012 an
energy scan, enabling an investigation of the Λ production
cross section at four energies between

ffiffiffi
s

p ¼ 2.23 andffiffiffi
s

p ¼ 3.08 GeV. An unexpected enhancement at the kin-
ematic threshold was observed [15]. At higher energies,
the statistical precision was improved compared to
previous experiments, though still not sufficient to extract
the form factor ratio R≡ jGE=GMj. The recent experimen-
tal progress has resulted in an increasing interest from
the theory community. For instance, predictions of the
relative phase have been made, based on various ΛΛ̄
potential models [16] with input data from the PS185
experiment [17].
In this Letter, the exclusive process eþe− → ΛΛ̄

(Λ → pπ−, Λ̄ → p̄πþ) is studied at
ffiffiffi
s

p ¼ 2.396 GeV.
This energy gives the optimal ΛΛ̄ detection rate—at larger
energies, the cross section becomes too small [13], and at

lower energies, the reconstruction efficiency goes down
rapidly. The latter is due to the pions from the Λ decays that
have too low momenta to reach the detectors [15]. In the
following, we present our measurements of the cross
section σ ≡ σðsÞ, the ratio R ¼ jGE=GMj, and, for the first
time, the relative phase ΔΦ.
Assuming one-photon exchange (eþe− → γ� → BB̄),

the Born cross section of spin 1=2 baryon-antibaryon pair
production can be parametrized in terms of GE and GM:

σBB̄ðsÞ ¼
4πα2β

3s

�
jGMðsÞj2 þ

1

2τ
jGEðsÞj2

�
: ð1Þ

Here, α ¼ 1=137.036 is the fine-structure constant, β ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

B=s
p

the velocity of the produced baryon, mB the
mass of the baryon, and τ ¼ s=ð4m2

BÞ.
In most previous experiments, where the small data

samples did not allow for a separation betweenGE andGM,
the effective form factor has been studied. It is defined as

jGðsÞj≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σBB̄ðsÞ
ð1þ 1

2τÞð4πα
2β

3s Þ

s
ð2Þ

and gives a quantitative indication of the deviation from the
pointlike cross section.
A complete decomposition of the complex GE and GM

requires a multidimensional analysis of the reaction and
the subsequent baryon decays. In Refs. [18,19], the joint
decay distribution of eþe− → ΛΛ̄ðΛ → pπ−; Λ̄ → p̄πþÞ
was derived in terms of the phase ΔΦ and the angular
distribution parameter η ¼ ðτ − R2Þ=ðτ þ R2Þ:

WðξÞ ¼ T 0þ ηT 5−α2Λ

h
T 1þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1− η2

q
cosðΔΦÞT 2þ ηT 6

i
þαΛ

ffiffiffiffiffiffiffiffiffiffiffiffi
1− η2

q
sinðΔΦÞðT 3−T 4Þ; ð3Þ

where αΛ denotes the decay asymmetry of the Λ → pπ−

decay. The seven functions T kðξÞ do not depend on the
parameters η and ΔΦ, but only on the measured angles:

T 0ðξÞ¼1;

T 1ðξÞ¼ sin2θsinθ1 sinθ2cosϕ1cosϕ2þcos2θcosθ1cosθ2;

T 2ðξÞ¼ sinθcosθðsinθ1cosθ2cosϕ1þcosθ1 sinθ2cosϕ2Þ;
T 3ðξÞ¼ sinθcosθsinθ1 sinϕ1;

T 4ðξÞ¼ sinθcosθsinθ2 sinϕ2;

T 5ðξÞ¼ cos2θ;

T 6ðξÞ¼ cosθ1cosθ2−sin2θsinθ1 sinθ2 sinϕ1 sinϕ2:

The five angles measured are the Λ scattering angle θ with
respect to the electron beam, the proton helicity angles θ1
and ϕ1 from the Λ → pπ− decay, and the antiproton
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helicity angles θ2 and ϕ2 from the Λ̄ → p̄πþ decay. The
decay angles are defined in the rest system of the Λ and the
Λ̄, respectively. We define a right-handed system where
the z axis is oriented along the Λ momentum pΛ ¼ −pΛ̄ in
the eþe− rest system. The y axis is perpendicular to the
reaction plane and is oriented along the ke− × pΛ direction,
where ke− ¼ −keþ is the electron beam momentum in
the eþe− rest system. The definitions of the angles are
illustrated in Fig. 1.
The term T 0 þ ηT 5 in Eq. (3) describes the

scattering angle distribution of the Λ hyperon. The term
αΛ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2

p
sinðΔΦÞðT 3 − T 4Þ accounts for the transverse

polarization Py of the Λ and Λ̄. In particular, the Λ
transverse polarization Py is given by

Py ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2

p
sin θ cos θ

1þ ηcos2θ
sinðΔΦÞ: ð4Þ

Finally, the α2Λ½T 1 þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − η2

p
cosðΔΦÞT 2 þ ηT 6� term

describes the spin correlations between the two hyperons.
The asymmetry parameter αΛ has recently been

measured by the BESIII Collaboration to be αΛ ¼
0.750� 0.010 [20]. This value has been adopted by the
Particle Data Group in the 2019 update of Ref. [21].
A data sample corresponding to an integrated luminosity

of 66.9 pb−1 was collected with the Beijing spectrometer
(BESIII) at the Beijing Electron PositronCollider (BEPCII).
The BESIII detector has a geometrical acceptance of 93% of
the solid angle. BESIII contains a small-cell, helium-based
main drift chamber (MDC), a time-of-flight system based on
plastic scintillators, an electromagnetic calorimeter made of
CsI(Tl) crystals, a muon counter made of resistive plate
chambers, and a superconducting solenoid magnet with a
central field of 1.0 T. A detailed description of the detector
and its performance can be found in Ref. [22].
The particle propagation through the detector is modeled

using a GEANT-based [23] Monte Carlo (MC) simulation
software package, BOOST [24]. Themultidimensional analy-
sis for determination of R and ΔΦ enables a model-
independent efficiency correction. The simulations for this
purpose are performed with a MC sample generated by a

phase space generator. The determination of σ and G was
found to be more precise using an approach with a global
efficiency. The latter was obtained from simulations of
eþe− → ΛΛ̄ (Λ → pπ−, Λ̄ → p̄πþ) using the measured
values of jGE=GMj as input to the CONEXC generator
[25]. In CONEXC, higher order processes with one radiative
photon are taken into account. For background studies, an
inclusive MC sample of continuum processes eþe− → qq̄
with q ¼ u, d, s is used.
In the analysis, events are reconstructed by the final state

particles p, π−, p̄, and πþ. We therefore require at least four
charged tracks per event. Each track must be reconstructed
within the MDC, i.e., with polar angles θ fulfilling
j cos θj < 0.93, measured in the laboratory frame between
the direction of the track and the direction of the eþ beam.
The momentum of each track must be smaller than
0.5 GeV=c. It was found in simulations that the momentum
distributions of pions and protons or antiprotons are well
separated due to kinematics. Therefore, we can identify
tracks with momenta smaller than 0.2 GeV=c as πþ=π−
candidates, whereas tracks with momenta larger than
0.2 GeV=c are identified as p=p̄ candidates. This was
found to give an optimal signal-to-background ratio and the
results are consistent with those obtained using standard
particle identification criteria.
The Λ and Λ̄ candidates are reconstructed by fitting each

pπ− (p̄πþ) to a common vertex corresponding to the decay
of Λ (Λ̄). A four-constraint (4C) kinematic fit is applied on
the Λ and Λ̄ candidates, using energy and momentum
conservation in eþe− → ΛΛ̄ and requiring χ24C < 50.
We require the pπ−=p̄πþ invariant mass to fulfill
jMðpπ−=p̄πþÞ −mΛj < 6 MeV=c2. TheMðpπ−Þ distribu-
tion is shown in Fig. 2. Here, mΛ is the nominal mass of Λ
from the Particle Data Group [21]. The mass window
corresponds to �4σ of jMðpπ−=p̄πþÞj mass resolution.

FIG. 1. Definition of the coordinate system used to describe the
eþe− → ΛΛ̄ (Λ → pπ−, Λ̄ → p̄πþ) process.
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FIG. 2. The invariant mass of pπ− for BESIII data (black dots)
and Monte Carlo data (red line) fulfilling all selection criteria
except those on invariant mass. The MC data are normalized to
the total number of events in the data.
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After applying all event selection criteria, 555 event
candidates remain in our data sample.
The background channels are identified by performing

inclusive qq̄ simulations. The main contribution are events
from Δþþp̄π−ðΔ̄−−pπþÞ and nonresonant pp̄πþπ− pro-
duction, i.e., reactions with similar topology as eþe− →
ΛΛ̄ (Λ → pπ−, Λ̄ → p̄πþ). The contamination is found
to be on the percent level. A two-dimensional sideband
study provides an independent, data-driven method to
quantify the background contribution from events with
misidentified Λ=Λ̄. The Λ=Λ̄ sideband regions are
defined within 1.097 < Mðpπ−=p̄πþÞ < 1.109 GeV=c2

and 1.123 < Mðpπ−=p̄πþÞ < 1.135 GeV=c2 for events
with a Λ̄=Λ candidate. The number of background events
is determined to be 14� 4, corresponding to a background
level of 2.5%.
In our analysis, we extract the parameters η and ΔΦ by

applying a multidimensional event-by-event maximum
log-likelihood fit in MINUIT [26]. The multidimensional
approach takes the reconstruction efficiency into account
in a model-independent way. The results from the fit are
η ¼ 0.12� 0.14, giving R ¼ 0.96� 0.14, and ΔΦ ¼
37°� 12°, where the uncertainties are statistical. The
correlation coefficient between η and ΔΦ is 0.17. The Λ
angular distribution and the polarization, multiplied with
the constant αΛ, as a function of the scattering angle are
shown in Fig. 3. The characteristic dependence of the
polarization on cos θ is a consequence of the nonzero
phase.
A thorough investigation of possible sources of system-

atic uncertainties has been performed. The uncertainties
from the luminosity measurement, tracking, and back-
ground are found to be negligible. The non-negligible
contributions from the angular fit range (for R), from

requirements on χ24C (for ΔΦ), and requirements on the
invariant mass are summarized in Table I. The total
systematic uncertainty is about 7 times smaller than the
statistical for R and about 2 times smaller for ΔΦ.
The formalism presented in Eq. (3) assumes the one-

photon exchange to be dominant in the production mecha-
nism. A significant contribution of two-photon exchange of
the lowest order results in an additional term κ cos θ sin2 θ
in Eq. (3) due to interference of the one- and two-photon
amplitudes [27]. This would give rise to a nonzero
asymmetry in the Λ angular distribution [28]:

A ¼ Nðcos θ > 0Þ − Nðcos θ < 0Þ
Nðcos θ > 0Þ þ Nðcos θ < 0Þ ; ð5Þ

where A is related to κ according to

A ¼ 3

4

κ

3þ η
: ð6Þ

In this work, the asymmetry is measured to be A ¼
0.001� 0.037 and indicates a negligible contribution
from two-photon exchange with respect to the statistical
precision.
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FIG. 3. (a) The acceptance corrected Λ scattering angle distribution. The experimental distribution (points) is normalized to yield
A ¼ 1 obtained fitting Aþ B cos2 θ to the data. The red line is 1þ η cos2 θ with η ¼ 0.12 and the band corresponds to the statistical
uncertainty. (b) The product of αΛ and Λ polarization Py as a function of the scattering angle. The dots are the data, the red line the
polarization corresponding to theΔΦ and η obtained in the maximum log-likelihood fit described in the text. The data in these plots have
been efficiency corrected using a multidimensional method using MC simulations with parameters determined from the maximum log-
likelihood fit.

TABLE I. Systematic uncertainties in R and ΔΦ.

Source R (%) ΔΦ (%)

χ24C cut � � � 14
Mass window of pπ 0.1 5.5
Different range of cos θ 2.0 � � �
Total 2.0 15
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The total cross section has been calculated using

σΛΛ̄ ¼ Nsignal

Lintϵð1þ δÞB ; ð7Þ

where Nsignal ¼ Ndata − Nbg, Ndata ¼ 555 is the number of
events in the sample after all selection criteria, Nbg ¼
14� 4 the number of events in the sidebands, Lint the
integrated luminosity, and ϵ the global efficiency. The
radiative correction factor 1þ δ is determined taking ISR
and vacuum polarization into account. The factor B is the
product of the branching fractions of Λ → pπ− and
Λ̄ → p̄πþ, taken from Ref. [21].
The following systematic effects contribute to the

uncertainty of the cross section measurement. (i) The
uncertainty from the Λ and Λ̄ reconstruction is determined
to be 1.1% and 2.4%, respectively, using single-tag samples
of Λ and Λ̄. (ii) The kinematic fit contributes with 1.7%.
(iii) The model dependence of the global efficiency is
evaluated by changing the input R with one standard
deviation (�0.14) in the CONEXC generator. This gives
an uncertainty of 2.8%. The phase ΔΦ was found to have a
negligible impact on the efficiency. (iv) The uncertainty of
the integrated luminosity is 1.0% [29]. The individual
uncertainties are assumed to be uncorrelated and are
therefore added in quadrature, which yields a total sys-
tematic uncertainty of the cross section of 4.3%. The
systematic uncertainty in the effective form factor jGj is
obtained using error propagation.
In summary, the process eþe− → ΛΛ̄ (Λ → pπ−,

Λ̄ → p̄πþ) is studied with 66.9 pb−1 of data collected at
2.396 GeV. The cross section and the effective form factor
are obtained to be σ ¼ 118.7�5.3ðstatÞ�5.1ðsystÞ pb
and jGj ¼ 0.123�0.003ðstatÞ�0.003ðsystÞ. The effective
form factor is about one half of that of the proton at the
corresponding excess energy [30]. The ratio R ¼ jGE=GMj
is determined with unprecedented precision to be
R ¼ 0.96� 0.14ðstatÞ � 0.02ðsystÞ. The relative phase
between GE and GM is determined for the first time to
be ΔΦ ¼ 37°� 12°ðstatÞ � 6°ðsystÞ.
The nonzero value of the relative phase implies that the

imaginary part of the electric and the magnetic form factors
is different. Equivalently, this means that not only the s-
wave but also the d-wave amplitude contribute to the
production and their interference results in a polarized
final state.
This first complete hyperon EMFF measurement is a

milestone in the study of hyperon structure, where the long-
term goal is to describe charge and magnetization densities
for hyperons in the same way as for nucleons [3]. In order
to achieve this, similar measurements must be carried out at
several energies. For nucleons, the scale at which spacelike
EMFFs approach the timelike EMFFs is straightforward to
extract since both spacelike and timelike EMFFs are

experimentally accessible. For hyperons, for which only
the timelike EMFFs can be measured, the corresponding
scale can instead be obtained where the phase approaches a
constant value that is an integer multiple of π. For this
purpose, the methods developed for this study can be
applied at other energies, provided the data sample at each
energy is large enough.
In addition, this measurement offers a unique and clean

opportunity to learn about the ΛΛ̄ interaction close to
threshold. In a recent theory paper [16], predictions have
been made using final state interaction (FSI) potentials. The
latter were obtained from fits to PS185 data from the p̄p →
ΛΛ̄ reaction [17]. While the sensitivity of the energy
dependence of the effective form factor jGj to the ΛΛ̄
FSI potential is very small, the predictions of R and, even
more, ΔΦ depend significantly on the FSI potential. Our
measurement slightly favors the model I or model II
potential of Ref. [31]. This illustrates the sensitivity of
our data to the ΛΛ̄ interaction.
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