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Abstract. The BESIII collaboration here reports the first observation of polarized Λ and
Λ̄ hyperons produced in two different processes: i) the resonant e+e− → J/ψ → ΛΛ̄, using
a data sample of 1.31 × 109 J/ψ events and ii) the non-resonant e+e− → γ∗ → ΛΛ̄,
using a 66.9 pb−1 data sample collected at

√
s = 2.396 GeV. In e+e− → J/ψ → ΛΛ̄, the

phase between the electric and the magnetic amplitude is measured for the first time to be
42.3o ± 0.6o ± 0.5o. The multi-dimensional analysis enables a model-independent measurement
of the decay parameters for Λ → pπ− (α−), Λ̄ → p̄π+ (α+) and Λ̄ → n̄π0 (ᾱ0). The obtained
value α− = 0.750±0.009±0.004 differs with 5σ from the PDG value. This value, together with
the measurement α+ = −0.758±0.010±0.007 allow for the most precise test of CP violation in
Λ decays so far: ACP = (α− +α+)/(α−−α+) of −0.006±0.012±0.007. The decay asymmetry
ᾱ0 = −0.692± 0.016± 0.006 is measured for the first time. The e+e− → ΛΛ̄ reaction at

√
s =

2.396 GeV enables a first complete measurement of the time-like electric and magnetic form
factor of any baryon, of the modulus of the ratio R = |GE/GM | and of the relative phase
∆Φ = ΦE − ΦM . With the decay asymmetry parameters from the J/ψ data, the obtained
values are R = 0.96± 0.14± 0.02 and ∆Φ = 37o ± 12o ± 6o. In addition, the cross section has
been measured with unprecedented precision to be σ = 119.0± 5.3± 5.1 pb, which corresponds
to an effective form factor of |G| = 0.123± 0.003± 0.003.

1. Introduction
Many of the most challenging questions in contemporary physics manifest themselves in our
lack of understanding of one of the most abundant building blocks of the Universe: the nucleon.
Despite being known for a century, we still do not understand its abundance [1], its mass [2], its
spin [3], its size [4] nor its intrinsic structure [5]. In this work, we use hyperons as a diagnostic
tool to shed light on two of these issues: nucleon abundance and nucleon structure. The idea
is to learn more about a system by making a small change to it and see how the system
reacts. More specifically we replace one of the building light quarks in the nucleon, by the
heavier strange quark. Let’s first consider the nucleon abundance, more commonly known as the
matter-antimatter asymmetry of the Universe. Assuming equal amounts being created in the
Big Bang, the amount of matter (e.g. nucleons) has been enriched with respect to anti-matter
(antinucleons). One of three necessary criteria for this is the existence of CP violating processes.
So far, CP violation beyond the Standard Model has never been observed for baryons. Nucleon
structure has been studied since the 1960’s [6] and one very intriguing finding is the charge
distribution of the neutron: it is negative in the center and at the rim, positive in between [5].

http://creativecommons.org/licenses/by/3.0
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For a ground-state wave function this amount of wiggles is surprising. It is desirable to measure
charge distributions also for hyperons, to test SU(3) flavor symmetry and diquark correlations [7].
Hadron structure is parameterized in terms of form factors. In the case of nucleons, space-like
form factors can be studied in elastic scattering. For the unstable hyperons, this is experimentally
unfeasible, but instead, time-like form factors can be studied in e+e− annihilations. Space-like
and time-like form factors are connected by dispersion relations.

The production of spin 1/2 baryon-antibaryon pairs from e+e− annihilation with an
intermediate vector (e.g. γ∗ or J/ψ) follow the same formalism since there are two contributing
production amplitudes. In the case of J/ψ, we refer to these amplitudes as electric and magnetic
hadron amplitudes and in the case of γ∗ as the electric and magnetic form factors (EMFFs)
GE(q2) and GM (q2). In the time-like region, where the square of the four-momentum transfer
s = q2 is positive, the amplitudes can be complex with a relative phase ∆Φ = ΦE−ΦM . A non-
zero relative phase between the parameters implies spin polarization of the baryons even if the
colliding beams are unpolarized. Hyperons provide a unique opportunity since their polarization,
in contrast to nucleons, is experimentally accessible thanks to their weak, parity violating and
thereby self-analyzing decays. In the case of Λ → pπ− decays, the angular distribution of the
daughter protons is given by 1 +α−PΛ · n̂, where n̂ is a unit vector along the proton momentum
in the Λ rest frame, PΛ the Λ hyperon polarization vector and α− is the decay asymmetry
parameter [8]. The decay parameters α+ for Λ̄→ p̄π+, α0 for Λ→ nπ0, and ᾱ0 for Λ̄→ n̄π0 [9]
are defined in the same way. The detailed formalism for e+e− production, with the subsequent
decay of the hyperon into a baryon and a pseudoscalar meson, has been outlined in Ref. [10].
In short, the joint angular distribution of the decay chain e+e− → (J/ψ)/γ∗ → ΛΛ̄ (Λ → pπ−

and Λ̄→ p̄π+) can be expressed in terms of ∆Φ and the angular distribution parameter η:

W(ξ) = T0 + ηT5

+ α−α+

(
T1 +

√
1− η2 cos(∆Φ)T2 + ηT6

)
+
√

1− η2 sin(∆Φ) (α−T3 + α+T4) .

(1)

Here, ξ represents the five measured quantities θ (Λ scattering angle), θ1 and φ1 (decay proton
angles) and θ2 and φ2 (decay antiproton angles). Details of the reference system are given in
Ref. [11]. The seven functions Tk(ξ) do not depend on the physical quantities η and ∆Φ but
only on the measured angles:

T0(ξ) =1,

T1(ξ) =sin2θ sin θ1 sin θ2 cosφ1 cosφ2 + cos2θ cos θ1 cos θ2,

T2(ξ) =sin θ cos θ (sin θ1 cos θ2 cosφ1 + cos θ1 sin θ2 cosφ2) ,

T3(ξ) =sin θ cos θ sin θ1 sinφ1,

T4(ξ) =sin θ cos θ sin θ2 sinφ2,

T5(ξ) =cos2θ,

T6(ξ) =cos θ1 cos θ2 − sin2 θ sin θ1 sin θ2 sinφ1 sinφ2.

This means that Eq. 1 has one term (T0 + ηT5) that only depends on the Λ scattering angle,

one term (
√

1− η2 sin(∆Φ)(α−T3 + α+T4)) that describes the transverse polarization and one

term (α−α+(T1 +
√

1− η2 cos(∆Φ)T2 +ηT6)) that describes the spin correlation of the produced
hyperons. In the case of J/ψ → ΛΛ̄, the value of η has been measured with high precision
e.g. by the BES [12], BESII [13] and BESIII Collaborations [14]. In the case of non-resonant
e+e− → ΛΛ̄ production, η is related to the form factor ratio R = |GE |/|GM | that has been
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measured with large uncertainties by the BaBar collaboration [15]. However, so far there were
no attempts to extract the phase ∆Φ in any of the cases.

In this report, we present the first observation of the spin polarization of Λ and Λ̄ hyperons
from the J/ψ → ΛΛ̄ decay, using a data sample of (1310.6 ± 7.0) × 106J/ψ events [16]. The
polarized hyperons are used to determine decay parameters of Λ and Λ̄. We also present the
first complete determination of the time-like Λ EMFFs using a 66.9 pb−1 sample collected at√
s = 2.396 GeV. Both data samples are collected by the BESIII collaboration.

2. The BESIII Experiment
The Beijing Spectrometer III (BESIII) is an integrated part of the Beijing Electron Positron
Collider II (BEPCII) [17], a double ring e+e− collider operating at 2.0− 4.6 GeV c.m. energies
with a design luminosity of 1×1033 cm−2s−1 at c.m. energy of 3.773 GeV. BESIII is a 4π detector
that has accumulated world-leading samples of J/ψ, ψ(2S), ψ(3770) events for the study of
light hadron and charmonium spectroscopy. Furthermore, BESIII has collected unprecedented
samples of non-resonant data for a broad scope of studies of low-energy QCD, in particular
hadron EMFFs and charmonium-like states e.g. X, Y and Z [18].

3. Decay parameters of Λ hyperons
In this study, events from the e+e− → J/ψ → (Λ → pπ−)(Λ̄ → p̄π+) and e+e− → J/ψ →
(Λ → pπ−)(Λ̄ → n̄π0) reactions are identified and analyzed. The joint angular distribution for
J/ψ → (Λ → pπ−)(Λ̄ → n̄π0) is obtained by replacing α+ by ᾱ0 in Eq. 1. A simultaneous
log-likelihood fit is performed to the final data samples, comprising 420593 and 47009 events
with estimated background of 399±20 and 66±8 events, respectively. The likelihood function
is constructed from the product of probability density functions, that for the i:th event is
defined by P (ξi) = C(η,∆Φ, α−, α2)W(ξi). Here, α2 = α+ and α2 = ᾱ0 for pπ−p̄π+ and
pπ−n̄π0, respectively. The measured quantities in the i:th event are represented by the vector
ξi and W(ξi) is given by Eq. 1. The normalization factor C(η,∆Φ, α−, α2) is calculated for
each parameter set using as a sum of the corresponding W(ξ) for events generated according
to phase space, propagated through the virtual detector and selected using the same criteria
as the real data. The main sources of systematic uncertainties are tracking, Λ(Λ̄) and π0

reconstruction efficiencies, the kinematic fit and in the Λ̄ → n̄π0 case, the identification of the
n̄ shower. More details can be found in Ref. [19]. A spin polarization of Λ/Λ̄ is observed with
the dependence of the scattering angle from Eq. 1 and from this, the phase is determined to
be ∆Φ = (42.4 ± 0.6 ± 0.5)o. The polarization is illustrated in Fig. 1 that shows the moment

µ(cos θΛ) = 1/NΣ
N(θΛ)
i (sin θi1 sinφi1 − sin θi2 sinφi2) as a function of the scattering angle cos θΛ.

Here, N is the total number of events in the data sample and N(θΛ) is the number of events in
a cos θΛ bin.

The results for η, α−, α+ and ᾱ0 are given in Table 1. The most striking part is that α− =
0.750±0.009±0.004, i.e. ∼ 5σ larger than the PDG value. The latter is based on measurements
from the 1960’s and 1970’s using a method of decay proton polarization and with data samples
of ≈10000 [9]. Our value is statistically more precise and obtained using a model-independent
approach. The ratio ᾱ0/α+ = 0.913±0.028±0.012 obtained from our data is 3σ lower than +1.00
as predicted by the |∆I| = 1

2 rule for non-leptonic decays. This deviation is larger than expected
due to radiative corrections [20, 21]. Finally, from our decay parameters, the so far most precise
CP test for Λ decays is performed. The CP odd observable ACP = (α− + α+)/(α− − α+) was
calculated and found consistent with zero as shown in the Table 1.

4. Time-like EMFFs of Λ hyperons
The EMFFs are measured by selecting and analyzing e+e− → ΛΛ̄,Λ → pπ−, Λ̄ → p̄π+ events
at a c.m. energy of

√
s = 2.396 GeV. The parameters η and ∆Φ are extracted using the same
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(a)

Preliminary

(b)

Preliminary

Figure 1. Moments µ(cos θΛ) as a function of cos θΛ for (a) pπ−p̄π+ and (b) pπ−n̄π0 data
sets. The data are not corrected for acceptance. The filled dots represent data and the solid-line
histogram the global fit result. The dotted histogram represent unpolarized MC events.

Table 1. Summary of the results: the J/ψ → ΛΛ̄ angular distribution parameter η, the phase
∆Φ, the asymmetry parameters for the Λ → pπ−, Λ̄ → p̄π+ and Λ̄ → n̄π0 decays, the CP
asymmetry ACP , and the ratio ᾱ0/α+. The first uncertainty is statistical, and the second one
is systematic.

Parameters Preliminary results Previous results
η 0.461±0.006±0.007 0.469±0.027 [14]

∆Φ(rad) 0.740±0.010±0.008 −

α− 0.750±0.009±0.004 0.642±0.013 [9]
α+ -0.758±0.010±0.007 -0.71±0.08 [9]
ᾱ0 -0.692±0.016±0.006 −
ACP -0.006±0.012±0.007 0.006±0.021 [9]
ᾱ0/α+ 0.913±0.028±0.012 −

method as in the J/ψ → ΛΛ̄ but keeping the decay parameters fixed, first to α− = −α+ = 0.642,
then to α− = −α+ = 0.750 The form factor ratio R = |GE/GM | is related to the scattering

angle parameter η by η = τ−R2

τ+R2 .

A scattering angle dependent spin polarization of Λ/Λ̄ is observed as illustrated in Fig. 2(b),
implying a non-zero phase. Using α− = 0.642 [9], we obtain R = 0.94 ± 0.16 ± 0.03 and
∆Φ = 42o ± 16o ± 8o from the log-likelihood fit. With α− = −α+ = 0.750 the results become
R = 0.96± 0.14± 0.02 and ∆Φ = 37o ± 12o ± 6o. The main sources of systematics are found to
be the kinematic fit, the invariant mass cut and the scattering angle range of the fit.

The Born cross section, that assumes one-photon exchange, is straight-forwardly
parameterized in terms of GE and GM :

σBB̄(q2) =
4πα2β

3s
[|GM (q2)|2 +

1

2τ
|GE(q2)|2] (2)

where α=1/137.036 is the fine-structure constant, β =
√

1− 4m2
Bc

4/s the velocity, c the speed

of light, s the square of the center-of-mass (c.m.) energy, mB the mass of the baryon and
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Figure 2. The Λ angular distribution (a) and the polarization effect as a function of cos θΛ (b).

τ = s/(4m2
B). The Coulomb correction factor C [22], accounts for the final state electromagnetic

interaction of charged point-like fermion pairs and neutral baryons. Experimentally, the cross

section is extracted using σΛΛ̄ =
Nsignal

Lintε(1+δ)B , where Nsignal = Ndata −Nbg, Ndata is the number

of selected events, Nbg is the background estimated from sidebands, Lint is the integrated
luminosity, ε the reconstruction efficiency and 1 + δ the radiative correction factor including
initial state radiation and the vacuum polarization. The B factor is the product of the
Λ → pπ− and Λ̄ → p̄π+ branching fractions [9]. From the Born cross section, the effective

form factor G(q2) can be calculated using G(q2) =

√
σBB̄(s)

(1+ 1
2τ

)( 4πα2β
3s

)
. In our measurement, the

cross section and the effective form factor are found to be σ = 119.0± 5.3(stat.)± 5.1(sys.) pb
and |G| = 0.123 ± 0.003(stat.) ± 0.003(sys.), respectively. The combination of G, R and ∆Φ
enable the first complete calculation of the EMFFs for any baryon.
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