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One of the fundamental goals of particle physics is to gain a microscopic
understanding of the strong interaction. Electromagnetic form factors quan-
tify the structure of hadrons in terms of charge and magnetization distribu-
tions. While the nucleon structure has been investigated extensively, data on
hyperons are still scarce. It has recently been demonstrated that electron-
positron annihilations into hyperon-antihyperon pairs provide a powerful tool
to investigate their inner structure. We present a method useful for hyperon-
antihyperon pairs of different types which exploits the cross section
enhancement due to the effect of vacuum polarization at the J/¢ resonance.
Using the 10 billion J/¢ events collected with the BESIII detector, this allows a
precise determination of the hyperon structure function. The result is essen-

tially a precise snapshot of the AX° (Aio) transition process, encoded in
the transition form factor ratio and phase. Their values are measured to
be R=0.860 = 0.029(stat.) + 0.015(syst.), AD ;50 =(1.011+ 0.094(stat.) +
0.010(syst.)) rad and A® .o =(2.128 + 0.094(stat.) £ 0.010(syst.)) rad.
Furthermore, charge-parity (CP) breaking is investigated in this reaction
and found to be consistent with CP symmetry.

One distinctive feature of the strong nuclear interaction and a pre-
requisite for our existence is the confinement of nearly massless
quarks into stable and massive hadrons such as protons or neutrons
that constitute the matter we are made of. A coherent understanding
of the dynamics of the strong interaction, however, remains one of
the most intriguing puzzles of physics. The main challenge is the very
nature of confinement: the quarks and gluons cannot be observed as
bare particles, but are dressed by the strong interaction into quasi-
particles, or constituent quarks, that form the bound systems we
know as hadrons. The distribution and motion of quarks inside
hadrons is quantified in terms of, e.g., electric and magnetic form
factors (Gg and Gyy), which offer an empirical tool to study the strong
dynamics. The proton, as the most stable composite particle we
know, with a lifetime much longer than the age of the Universe, offers
an excellent testing ground for the strong interaction. The space-like
form factors of the proton have been the subject of rigorous studies
since 1956, when Hofstadter introduced the electron scattering

techniques'. To this day, new and surprising features are being
discovered”” and debated®™.

A common strategy to achieve a deeper understanding of these
features is to investigate the impact of introducing heavy and unstable
quarks into the bound system. The lightest siblings of the proton are
the A and the 2° hyperons, both consisting of an up-quark (u), a down-
quark (d) and a heavy and unstable strange-quark (s), in contrast to the
proton with a uud structure of only light quarks. Since hyperons are
unstable, they cannot be studied in conventional electron scattering
experiments (e’Y->eY, where Y represents the hyperon)’, which
require stable beams or targets. Hyperon-antihyperon annihilation
processes (such as YY — ne*e~) are even more challenging and do
not constitute a realistic alternative. Instead, time-like form factors of
hyperons can be accessed in electron-positron annihilations with the
subsequent production of a hyperon-antihyperon pair, such as
e*e- — AXC. In this scenario, hyperon and antihyperon are quantum
spin correlated with same or opposite helicity states for spin-1/2
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hyperons, which signifies that the transition from the initial electron-
positron pair to the final baryon-antibaryon pair involves amplitudes
for both helicity conservation and helicity flip™. If there is a non-
vanishing phase between the transition amplitudes for these different
helicity states, we can observe the polarization of baryons through the
angular distribution of the final-state particles. In light of this, the
modulus and phase of the ratio Gg/Gy, in time-like region can be
accessed directly from the measurement of the polarization of one of
the outgoing baryons along the direction orthogonal to the scattering
plane. The time-like form factors can be seen as snapshots of the time
evolution of a hyperon-antihyperon pair. In particular, the modulus
and phase of the ratio G¢/G,, in the time-like region are very sensitive to
the specifics of the hyperon interaction. Therefore, by dispersive cal-
culations we can constrain the form factors also in the space-like
region, gaining profound insight into the inner structure’™. The
dispersive relation has demonstrated an unprecedented capability to
ascertain the intricate nature of the ratio based on its modulus and
phase measured at the BESIII Collaboration at a single energy point®”.
However, the absence of data makes the predictions quite uncertain. In
addition, the asymptotic behaviour of the form factor phase is of
special interest at large energies, where the time-like and the space-like
form factors should converge to the same real value. Hence, there
should be a scale at which the phase approaches an integer multiple of
1. Therefore, gathering additional data at different energy points
would be essential to bolster the predictive capacity of the dispersive
relation and to reveal additional remarkable attributes of baryons.
Precise data at a relatively high energy would therefore be a pivotal
step forward in the understanding of dynamics underlying the inter-
action of hyperons. Especially the AX° (Aio) transition, it is particularly
interesting since it is the only ground-state transition for which we can
gather data both in the high-energy time-like region (this work) and in
the very low-energy region (via Dalitz decays, i.e. 2°~>Ae'e”)’. The
prospect of in the future comparing these two different energy regions
is therefore unique.

In recent years, the BESIII collaboration has performed pioneering
studies of hyperon form factors'®. In particular, the self-analyzing
hyperon decays can be used to measure the hyperon polarization,
thereby completely determining the form factors of the A hyperon®.
However, time-like form factors need to be studied in processes where
a one-photon exchange is the dominating process, as shown in Fig. 1d.
For a hyperon-antihyperon pair of the same type, e.g. AA, this means
that the electron-positron annihilation must occur at an energy far
from any vector meson resonances that can decay strongly into a
hyperon-antihyperon pair. For a pair where the hyperon and the anti-
hyperon from J/¢ are of different type, e.g. AZ? or AZ, since the
process is isospin-violating, the purely strong amplitude is suppressed
by the small dimensionless factor ’"“,;[”’" ~ <45, where the m,, myand m,
represent the mass of u quark, d quark and ¢ quark, respectively.
Therefore, the suppressed strong process involving an intermediate
ggg state from the J/y decay (Fig. 1a) with a branching fraction of 64.1%
according to the Particle Data Group (PDG)" is negligible compared to
ygg (8.8%) (Fig. 1(b)) and y* (13.5%) (Fig. 1c) mediated decays. Fur-
thermore, the agreement between the expected coupling to the J/¢
decay and the value extracted from cross section data in the electro-
magnetic continuum'®, indicates a clear absence of the ygg process in

the J/ — AX®+c.c. Hence, e*e~ — J/¢ — AX® must be a purely
electromagnetic process mediated by y* — cc (loop) — y*, namely the
hadronic vacuum polarization effect, as depicted in Fig. 1c, which has
the same final production y*Az® vertex as Fig. 1d. Accordingly, the
electric and magnetic form factors of Fig. 1d can be extracted from
Fig. 1c by correcting for the well-known vacuum polarization, which
exhibits a notable enhancement attributed to the J/y resonance.

In this work, using the available (10087 +44)x10°J/ events
produced in e'e” annihilations" at BESIII, almost one order of magni-
tude larger than the data sample used in the previous measurement”,
we investigate the form factors in the reaction e*e~ — J/p — AX°
with the polarized and spin correlated Az° pairs, baryons and anti-
baryons simultaneously produced with correlated spins as defined in
refs. 20,21. With the hadronic vacuum polarization at the //y resonance
resulting in a significantly enhanced signal, we probe the same vertex
as the one-photon exchange process and attain the structure at the J/y
resonance. The inclusion of charge-conjugate processes is implied
hereafter unless explicitly mentioned otherwise.

Results and discussion

BESIII detector and candidates selection

The BESIII detector® records symmetric e'e” collisions provided by the
BEPCII storage ring”, which operates with a peak luminosity of
10®cm™s™? in the centre-of-mass energy (./s) range from 2.0 to
4.95 GeV. In this cylindrical system, tracks of charged particles in the
detector are reconstructed from track-induced signals and the
momenta are determined from the track curvature in the main drift
chamber (MDC). The flight time of charged particles is recorded by a
plastic scintillator time-of-flight system (TOF). Showers from photon
clusters are reconstructed and energy deposits are measured in the
electromagnetic calorimeter (EMC). The signal ofe*e~ — J/¢p — A(—
pr*)I%— yA - ypr) is extracted from (10087 +44) x10°J/y
events'” at /s=3.097 GeV, equivalent to an integrated luminosity of
3083 pb Y. The A(A) is reconstructed using pr~ (prr*) decays and 2°
from pA decays. The specific requirements of event reconstruction and
selection criteria are described in the Methods below. The resulting
signals of A(/) and Zo(io) are clearly observed, as shown in Supple-
mentary Figs.1and 2. The possible background events are investigated
with an inclusive Monte Carlo (MC) sample generated with all known
J/Y decays. To estimate the number of background events coming
directly from the continuum light hadron (QED) process, the same
analysis is performed on the data sample at ./s=3.080 GeV, corre-
sponding to an integrated luminosity of 166.3 pb™'°. With an extended
unbinned maximum likelihood fit to the yA (yA) invariant mass dis-
tribution shown in Supplementary Fig. 3, the final signal yields are
determined to be 26260 + 181 and the QED background are 39 + 7. The
details of backgrounds analysis and fit are described in the Methods.

The vacuum polarisation effect ine* e~ — J /¢ — AX°

Based on the studies of e'e” — p'y” and npr'n in ref. 24 the relative
phase between the hadronic vacuum (Fig. 1c) and the continuum
(Fig. 1d) processes is zero in case of a purely electromagnetic decay,
and it has a line shape similar to the cross section of the purely elec-
tromagnetic process. Consequently, the ratio of the cross section at
the J/i peak to that at any specific energy is the same for different

Fig. 1| The Feynman diagrams for e’e” > hadrons in the vicinity of the J/¢.
a strong process with intermediate J/y mediated by gluons (ggg), (b) the mixed
strong-electromagnetic process of /¢ decay mediated by ygg, (c) electromagnetic

process through the vacuum polarization of one virtual photon (y*) to J/y,
(d) continuum process without the J/g intermediate state but only one virtual
photon.
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purely electromagnetic processes as illustrated by both e'e” > 'y and
nm'm. With the measured cross sections in ref. 24 the corresponding
ratios of these two processes are calculated to be 24.20 + 0.81 and
28.81+8.52, respectively, both in good agreement with each other.
Here, the uncertainties are statistical only since the systematic uncer-
tainties cancel in the calculation of the ratio. We also performed a
measurement of the cross sections of e* e~ — AX® +c.c. at theJ/yp peak
and 3.08 GeV, determining the corresponding ratio to be 33.72 + 6.06.
This value is consistent with those from the above processes within the
uncertainties, thus providing further evidence forJ /¢ — AX° +c.c.asa
purely electromagnetic decay, which implies a way to extract the
electromagnetic form factor with the hadronic vacuum polarization at
the J/y peak.

Since the imaginary part of form factors is non-zero at centre-of-
mass energies above the two-pion threshold'>?, the relative phase A®
between the electric and magnetic form factors, G and Gy, is expected
to be non-zero. In the case of e*e~ — J/i — AX?, a non-vanishing 4@

also demonstrates the polarization of A and 5° in the direction per-
pendicular to the production plane. Since the electron mass is negli-
gible in comparison to the J/g mass, the initial electron and positron
helicities have to be the opposite. This implies that the angular dis-
tribution and polarization can be described uniquely by only two
quantities, the relative phase A® = arg(G;/G,,) and the angular dis-
S—4AM2R? 26
S+HAMIR®
the final hyperon. For Ax° (Ax°), My is replaced by (Myo +M,)/27. The
feasibility of extracting the form factors in the production and cascade
decays of e*e~ — J/ - A(— pr*)Z%(— YA — ypmr) is described
by the six kinematic variables as described in Methods, expressed as
the helicity angles §=(6,0,,¢,0,,0,,¢,) shown in Fig. 2.

tribution parameter a = where R=| gTZ | and My is the mass of

Here, we denote the angular distribution parameter, the relative
phase and decay asymmetries for 2° > yA,A>pn,and A — prr* as ayy,
A®, ay, ay, and ay, respectively. Subsequently, to extract the form
factors, the helicity analysis is performed for J /i — AX° +c.c. based
on the angular distribution as described in detail in the Methods.
Although e*e™ — J/¢ — A2 and e*e — J/ — AZ° are two inde-
pendent reactions, their helicity amplitudes are simply related
before and after charge-conjugate and parity transformation. In
accordance with the Standard Model (SM), CP violation is absent in

electromagnetic processes. As a result, the relative phases A® of these
two decays are expected to satisfy ADgso +AD o =1, where ADjs0
and A®, ., denote the relative phases of time-like electric and mg%—
netic form factors for e*e~ — J/ — AX° and e*e~ — J/ — AL,
respectively. Therefore, a simultaneous measurement of AX® and AZ
offers the possibility of exploring CP violation by evaluating
ADcp = — (ADjgs0 + AD, 0)|, Which is required to be zero from CP
invariance within the SM. In this case, these processes are also of
interest for searching for additional sources of CP violation beyond
the SM.

In the 2 mass region, a combined helicity analysis is performed for
J/@ — Ax° andJ/p — AZ® and the parameters a4 and a; are fixed to
be a,=0.7519 and a; = —0.7559”° from previous high-precision mea-
surements of //¢ — AA. Using the average magnitude for both has a
negligible effect on fit results. Due to the electromagnetic part of the
decay chain, X° - yA, where the photon polarization is not measured?®,
the a, is presumed to be 0. The free parameters, including ay,, and the
relative phase A®;50 (AD, o) fore*e™ — J/¢p — AZ° (AL®), are opti-
mized with an unbinned maximum likelihood fit defined in Methods.
These parameters are measured by incorporating the transverse
polarization of Zo(io) in the joint angular distribution. The global fit is
represented by the multidimensional angular distributions shown in
Supplementary Figs. 4 and 5 with a specific fitting technique as well as
systematic uncertainties described in Methods.

Extraction of the form factor ratio and test of the CP violation
From the global fit, a prominent polarization and strong correlation of
the relative phase between the two processes are observed, char-
acterized by P, elucidating the spin transverse polarization and C,,
representing the particular relationship between A®;;0 and A®, .

Their strong dependence on the X° (io) direction angle 6, defined
in the Methods, is seen in Fig. 3. To illustrate the fit quality, the fit
results in each cosf, /50 bin are also shown using points with error
bars in Fig. 3. Apart from the difference caused by the fluctuations
from the complex background channels, the points of each bin are
consistent with the globally fitted curves. The fit yields
ayy = 0.418 + 0.028(stat.) + 0.014(syst.), ADj50 = (1.011+ 0.094(stat.) +

0.010(syst.)) rad, and A® 50 = (2.128 £0.094(stat.) + 0.010(syst.)) rad.
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Fig. 2 | Definition of the helicity angles forJ /@ — A(— pr*)2%(— yA — ypr).
The angles 6, 6, 6,,, 8,, are the polar helicity angles of the 2°, A, p and p in the e'e”
centre-of-mass system, 2° rest frame, A rest frame and A rest frame, respectively.

The angles between different decay or production planes, ¢, and ¢, are the azi-

muthal helicity angles of the A and p in the 2° rest frame and A rest frame,

A rest frame

respectively. In the e'e” centre-of-mass system, the z is along the ¢* momentum
direction, and the z is along the 2° outgoing direction. In the 2° rest frame, the
polar axis is zy, y5 is along z x zy and z, is along the A outgoing direction. In the A
rest frame, the polar axis is z,, and y,, is along z5 x z,. In the A rest frame, the polar
axis is z;, and y, is along z x z;.
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Fig. 3 | Polarization in and spin correlations of the e* e~ — J /i — AX® ~ (hE%
reaction. The points with error bars, blue solid dot for //¢ — AZ® and red open
double diamond for / /¢ — A)fo, are extracted in each cos 650 (cos 020) bin, and the
blue solid curves denote the global expected dependence on cos ;0 (cos 6. for the
red dotted curve).

0.029(stat.) £ 0.015(syst.), giving the ratio and relative phase of the
electric and magnetic form factors Gg and Gy, for e*e” — J /¢ —
Az° (Aio) at /s =3.097 GeV, with clear transverse spin polarizations of

the A and I° observed. The sum of these two relative phases,
ADg;0 +AD, 0 =(3.139 £ 0.133(stat.) + 0.014(syst.)) rad, is in good
agreement with the expected value of 1. Ad¢p = | — (AD 50 +AD, s0)|
is calculated to be 0.003 £ 0.133(stat.) + 0.014(syst.), which is con-
sistent with zero and indicates no evident direct CP violation in the

decays of J /¢ — AX° and//p — AZ’.This s the measurement that the

time-like structure for e*e~ — AX° +c.c. is extracted at /s=3.097
GeV with high precision by using the hadronic vacuum polarization
enhancement at the J/g. In addition, unlike e'e” annihilation into

hyperon anti-hyperon pairs, A and 0 are not charge conjugates of
each other, which enables us to explore direct CP violation by com-

parison of polarizations from both e*e — J/¢ — AL and
e*e~ — J/ip — AL°. While currently statistically limited, it provides a
way to search for possible new sources of CP violation. In the future,
the BESIII experiment may provide even greater sensitivity to direct CP
violation®®, with further improvement expected from the next gen-
eration experiments, e.g., the next-generation tau-charm physics
facility” and PANDA™,

Methods

Monte Carlo simulation

The optimization of the event selection criteria and the estimation of
physics background as well as the determination of efficiency are
performed using MC simulated samples. The ceant4-based” MC
package includes the geometric description of the BESIII detector and
the detector response. The inclusive MC sample includes both the
production of the J/i resonance and the continuum processes incor-
porated in kkmc**. All particle decays are modelled with evien*?¢ using
branching fractions either taken from the Particle Data Group (PDG)",
when available, or otherwise estimated with Lunocharm™®, For the
signal J/ — AX®+c.c., the MC samples are produced using the
angular distribution formula shown in the Methods of Helicity ampli-
tudes. For the determination of the cross section, the generator
conexc® was used. For the background channels/ /¢ — 35°,//@ — AA,
the exclusive MC samples were generated in accordance with their
decay amplitudes™*°.

Initial selection criteria
Candidates for J/ — A(— pr*)2°(— yA — ypr~) are required to
have four charged tracks with net zero charge and at least one
photon.

Charged tracks are selected in the MDC within +20 cm of the
interaction point in the beam direction and within 10 cm in the plane
perpendicular to the beam. The polar angles of these tracks are

required to be within the MDC fiducial volume, | cos 6] <0.93, where
6 is defined with respect to the z-axis, which is the symmetry axis of
the MDC. No particle identification is used to maintain high
efficiency.

To reconstruct the decays A » pr and A — prr*, we loop over all
the combinations of positive and negative charged track pairs and
require that at least one (pm)(pmr*) track hypothesis successfully
passes the vertex finding algorithm* of A and A. If more than one
accepted combination satisfies the vertex fit requirement, the one with
the minimum value of \/(Mp,r — M\)?+ (M. —M,)* is chosen,
where M, (Mp,.) is the pn—(pm™) invariant mass and M, is the
nominal A mass".

For good photon selection, showers in the EMC identified as
photon candidates are required to satisfy fiducial and shower-quality
requirements. For the barrel region, showers must have a minimum
energy deposition of 25 MeV with the polar angle of each track satis-
fying | cos 8] < 0.80, while those from the end cap region must have at
least 50 MeV and the polar angle is required to be 0.86 <| cos ] < 0.92.
To suppress background noise unrelated to the event, the difference
between the EMC time and the event start time (TDC) has to fulfil
0<TDC<700 ns. To suppress showers generated by charged parti-
cles, the photon candidate angular separation from the nearest
charged track is required to be at least 10".

The selected events are subjected to a four-constraint energy
momentum conservation kinematic fit (4C fit) with the hypothesis of
YAA. The kinematic fit adjusts the reconstructed particle energy and
momentum within the measured errors so as to satisfy energy and
momentum conservation for the given event hypothesis. This
improves resolution and reduces background. When there are multi-
ple photon candidates in an event, the combination with the smallest
X3c is retained. The kinematic fit is very powerful to suppress back-
ground events with multiple photon candidates in the final states, e.g.,
J/@ — 295 and J/p — AZ°n°.

Final selection criteria

After the initial selection, the scatter plot of M- versus M. of the
accepted candidates is shown in Supplementary Fig. 1, where the
clear cluster corresponds to the decays of A > pm and A — prr*. The
A and A signal candidates are selected by requiring IMp- — My <5
MeV/c* and Mg+ — Myl <5 MeV/c%.. To further suppress back-
grounds and improve the mass resolution, the 4C kinematic fit must
satisfy x3. <30. In addition, M,; >1135 GeV/c* and M, >1.135 GeV/c?
are required in the further analysis for J/¢ — AZ® and J/p — AZ°,
respectively, which has a pronounced effect on suppressing the
background events from J/¢ — AA. After applying the above
requirements, the invariant mass spectrum of yA(yA) is shown in
Supplementary Fig. 2, where the prominent peak of x° ()_:0) is clearly
observed.

Background analysis

Possible background sources are investigated with an inclusive MC
sample of 10 billion J/y decays. Using the same selection criteria, with
the help of a generic event type analysis tool*?, the surviving back-
ground events mainly originate from J/g — 3°%°, J/¢ — AA and
J/¥ — YAA (including a resonant contribution from yr.), but none of
these produce an evident peak in the 2° mass region. The exclusive MC
samples of these background channels are generated with the corre-
sponding helicity amplitudes and their contributions are shown in
Supplementary Fig. 2. To estimate the number of background events
coming directly from the e*e” annihilation, the same analysis is per-
formed on data taken at /s= 3.080 GeV, where the number of back-
ground events, 39 +7 is also extracted by fitting the pA (or yA) mass
spectrum as shown in Supplementary Fig. 3. The background events
are then normalized to the J/¢ data after taking into account the
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luminosities and energy-dependent cross sections of continuum
processes®®, with the scaling factor calculated as

_ S

5
N €,
x $(3080) x $(3080) ) (1)

€

5
L43080) S

Here, £, s, and € are the integrated luminosity, the square of the
centre-of-mass energy, and the detection efficiency at the two centre-
of-mass energies, respectively. the number of background events for
J/¢ — Ax° is normalized to be 669 +120. It should be pointed out that
there is no interference between the QED background and the J/¢
resonance since this is a purely electromagnetic process according to
ref. 18.

Signal extraction

The signal yields are obtained from an extended unbinned maximum
likelihood fit to the yA (yA) mass spectrum. The total probability
density function (PDF) consists of a signal and various background
contributions. The signal component is modelled as the MC simulated
signal shape convolved with a Gaussian function to account for the
difference in the mass resolution between data and MC simulation. The

background components, J/¢ — X°5°, J/p — AA, and J/p -y
AA (yn,), as well as the reflection from signal conjugation decay mode,
are described with the simulated shapes derived from the dedicated
MC samples, while the magnitudes of different components are left
free to account for the uncertainties of the branching fractions of these
decays and other intermediate decays. The fit to the M,,/M 3 spec-

trum, as displayed in Supplementary Fig. 2, gives 26260 +181Ax°
events.

Helicity amplitude

The structure of the six dimensional angular distribution is
determined by global parameters w= (aj/w,A(D, 1,,a,\,o(,—\) indepen-
dent of the 2° scattering angle, 650, and is written in a modular form
as

W& w)= Z Z C”,,aw,aﬂ,oa,,o, @

wr=0w=

where the C,,(6; ayy, A®) is a 4 x 4 spin density matrix, describing the
spin configuration of the spin correlated hyperon-antihyperon pair.
The matrix elements are expressed as

1 0 P, 0

y
0 C 0 C
Cy, =(1+ay;, cos® 6) p 6" c ();Z , 3)
Y W
0o -C, 0 C,

where P, governs the polarization of the X° and Cj characterizes its spin
correlations. Both P, and C; can be written in terms of sin A® or cos A®
as

P, =f(0)sinAD,C,, =f(6) cos AD, “4)

where f(6), a common function dependent on the x° (io) direction
angle 6, is expressed as

7
1- aj, sin 6cos O )
1+a;, cos2 6

f(6)=

The matrices a[w in Eq. (2) represent the propagation of the spin
density matrices in the sequential decays. The full expressions for C,

and ay,, are given in refs. 44,38.

Global fit of parameters

A non-zero phase angle difference A® indicates transverse hyperon
polarization, which allows us to measure these parameters at the same
time. A simultaneous fit is performed to the two conjugate channels,
J/o— AxX° and / /o — Az°. The likelihood function constructed from
the probability density function for an event characterized by & is

- HW(«Ei;w)e(fi), ©)

N
L= HP & w Nw)

i= i=1
where ¢(&;) is the detection efficiency, Nis the number of the surviving
data events after all selection criteria, the normalization factor
N@)= [W(&; w)e (&) dE, with W(§; w) defined in Eq. (2), and P is the
probability to produce event i based on the measured parameters &;
and the set of observables w. Based on the likelihood function defined
in Eq. (6), the objective function is written as

S=—Ingl,, —Incl .+ lnc{,kg + lncgkg, 7)

where In ﬁ'd;'ta and In £y, are the likelihood functions for J/¢ — AX°
and J/p — Ax° and the %ackground events from simulation, respec-
tively. In order to optimize the free parameters (ay, A®;50 and
A‘DAio) and minimize the objective function, the normalization factor
N(w) in Eq. (6) is obtained by MC integral generated by phase space
through all event selection criteria. We adjust the weights of the
phase space sample events to match the momentum distribution of
the final-state particles to the data. The weighted phase space events
can then be employed to construct distributions of various physical
quantities, thus displaying the fit results. To compare the fit
with data, the moments directly related to helicity amplitude are
defined as:

Ny
T,= z:<cos2 on{, ny, - sin> 6n}) n‘z’;)

L

N o
T,= cos@sin 6<n(” n, —nf, ”(zl?z) ,
7
Ni
T3=Y cosfsin6ny), ®)
7

2y’

Ny '
T,=) cosBsin6n})
i

N
= (D) 0 (&) (D)
TS—E (nlznzz—sm 0n] nzy)
i

where N, is the number of events in the k™ cos 6 bin and n, (ny) is the
unit vector in the direction of the nucleon (anti-nucleon) in the rest
frame of 2° (A) for J /i — AZ, as illustrated in Fig. 2. The resulting T;
and helicity angle distributions for data and the fit results are shown in
Supplementary Figs. 4 and 5, and the dlfference between T; and T,
results from the transverse polarization of X° (Z ), which allows the
relative phase between G and Gy, to be determined from the global fit
of polarization w1th the modulus of the ratio between Gg and Gy
obtained from a =

Systematic uncertainty

The uncertainties in the measurement of the form factors are mainly
from the A,A reconstruction, the 4C kinematic fit, and the background
estimation. For the A,A reconstruction, a correction to the MC effi-
ciency is made. We also use the control sample of //¢ — pK* A to
obtain the efficiencies of the data and MC simulation in the A and A
reconstruction, and then correct the MC efficiencies by the observed
data-MC efficiency differences. In order to reduce the impact of sta-
tistical fluctuations, the fit with the corrected MC sample is performed
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400times by varying the correction factor randomly within one
standard deviation. The differences between the results with and
without correction are taken as the systematic uncertainties. For the
4C kinematic fit, the MC sample in the polarization fit is altered by
changing the helix parameters of charged tracks, and the same fit
procedure is performed to the same data sample. The relative differ-
ences of the fit results are assigned as the uncertainties. The systematic
uncertainty arising from the background estimate for each back-
ground source is assigned by varying the normalization factor by one
standard deviation, the maximum change of the result is assigned as
the associated systematic uncertainty. The total systematic uncer-
tainty due to the background estimate is obtained by adding all effects
of various background sources in quadrature. The uncertainties due to
the a, ; are estimated by varying the quoted value from ref. 28 within
one standard deviation. The systematic uncertainties for the polar-
ization measurement, as discussed above, are listed in Supplementary
Table 1.

Data availability

The raw data generated in this study have been deposited in the
Institute of High Energy Physics mass storage silo database. The source
data are available under restricted access for the complexity and large
size, access can be obtained by contacting to Dbesiii-
publications@ihep.ac.cn.

Code availability
All algorithms used for data analysis and simulation are archived by the
authors and are available on request to besiii-publications@ihep.ac.cn.
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