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Observation of transverse polarization and determination
of psionic form factors of the A hyperon at /s =3.773 GeV
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Using a data sample of e e~ collision data corresponding to an integrated luminosity of 20.3 fb~! 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 the A hyperon in ete™ — AA decay with the entangled
A — A pair at /s = 3.773 GeV. The relative phase between the psionic form factors is determined to be
A® = (1.53 £0.36 & 0.03) rad with a significance of 5.5 ¢ taking into account systematic uncertainty. This
result indicates a nonzero phase between the transition amplitudes of the AA helicity states. Additionally, we
measure the angular distribution parameter and the modulus of the ratio between the psionic form factors to be
7 =0.86£0.05+0.03 and R(s) = |Gx(s)/Gy(s)| = 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 e* e~ 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 ete™ collisions allows access to timelike
EMFFs of hyperons due to virtual photon production in the
ete™ 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,

“Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2025,/112(5)/L051102(10)

L051102-1

through the dispersion relation [8]. The pair production of
spin-1/2 baryons can then be parametrized by the electric
form factor G (s) and the magnetic form factor G, (s) [4,9],
which are analytic functions of the momentum transfer
squared. In the timelike region, the EMFFs are complex
and have a relative phase A® = Ad®p — Ad,, ie,
Gpg(s)/Gy(s) = Re®® with the modulus of the ratio of
EMFFs R = |Gp(s)/Gy(s)|. This relative phase A®
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. For ground-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 A 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 A hyperon using a
multidimensional angular distribution analysis with a com-
plete decomposition of the spin structure of the mixing
process of eTe™ — y*/y = AA. Note that the reaction in
this work is a mixture of the virtual photon process and the
potential w(3770) 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 tb~! collected at Vs =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, 10’ Monte Carlo (MC) simulated events are generated
using KKMC [49,50], which includes the ISR effect. The
ete” — AA and A(A) to pa~(pa™) 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 eTe™ — AA — ppatza~,itis
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/p, see Fig. 1.

In Ref. [55], the timelike EMFFs ratio (R), the relative
phase A® and the angular distribution parameter# are used to
describe the process eTe™ — y*/y = AA.Forete™ — y*/
w — AA = pprta, the joint decay angular distribution of
this process is expressed in terms of the parameters of A®
and 7 as

W(E Q) = Fo(&) +nFs(&) +ayaz[Fi(§)
+ /1 =17 cos(AD) F» (&) 4+ nF4(£)]

+1/ 1 =7 sin(A®@)[ay F3(&) +az Fa(&)] (1)

A rest frame

FIG. 1. Coordinate system utilized to describe the ete™ —
AA — pprt ™ process. The %, axis is defined as the direction
of e*. The Z,,; axis is determined as the direction of the

A/A particle emission. The Ia/A = Ze X 2pjh> and Xy 5 =
Ia/a X Zaja- The 0, is the angle between the A hyperon and
e in ete” c.m. The angles 6,,; and ¢,,; are the polar and
azimuthal angles of the p/p momentum direction in the A/A rest

frame, respectively. The vﬂ/—\ is the Lorentz transformation with the

velocity of v, /3.

Here, Q = (17, A®, a,, a3 ) is the polarization parameters
and the & = (HA,H,,,HI—,,qﬁP,qb,—,) is the measured angles
defined in Fig. 1. The angular functions F;(¢) (j =
0,1,...,6) are defined as

F=sin%0, sinf,sin@ cos¢, cos g, —cosZHAcosﬁp cos;,
F,=sinf, cosb, (sinf,cosb; cos¢, —cosh,sind;cosg;),
F3=—sinf, cos,sinb ,sing ,,

F4=sin0, cosO,sind;singy,

Fs=cos’0,,

Fe=sin’0,sinb,sind;sing,, singh; —cosd,,cost;. (2)

Note that the difference for the F;(£) 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, a, ;) represents the decay parameters of
A(A) = pr~(pr*) and 5 denotes the scattering angle
distribution parameter related to R by

(3)

with 7 = s/4m%. 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
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Charged tracks are reconstructed in the multilayer drift
chamber within its angular coverage, | cos 8| < 0.93, where
0 is the polar angle with respect to the e 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 p(p), while others are assigned as z* (7).

For further analysis, fully reconstructed ete™ — AA
events with A — pz~ and A — pa' are selected.
To reconstruct A(A) candidates, a vertex fit and a secon-
dary vertex fit [57] are applied to all combinations of one
p(p) track and one z~(z") track. From all possible
combinations, the one with the minimum value of

\/|Mp,,- —mp|* + |Mp, —mg|* is  selected. Here,

M, (5t
pr(pr')
pair, and m 3 represents the nominal mass of A(A) [6]. To

denotes the invariant mass of the pz~(pz™)

further suppress background contributions from non-A(A)
events, the decay lengths of A and A are both required to be
greater than zero, where the negative decay lengths are due
to detector resolution.

After A(A) reconstruction, a four-constraint (4C) kin-
ematic fit is applied to all A(A) hypotheses, enforcing
energy-momentum conservation from the initial e*e™ to
the final A(A) state and combined with the requirement of
Xic < 100. Figure 2 shows the distribution of M+ versus
M ,,- after applying all above selection. The invariant mass
of pr~(pa™) is required to be within 5 MeV/c? of the A(A)
mass taken from [6] (M ,z-(prt) — MRl < 5 MeV/c?).
The signal region, denoted by S in Fig. 2, is determined and
optimized using the figure of merit S/+/S + B derived from
the MC sample. Here, S represents the number of signal MC
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FIG. 2. Two-dimensional distribution of M+ versus M - for

data, where the red box indicates the signal region, and the green
boxes show the selected sideband regions.

events, and B corresponds to the expected number of
background events from the inclusive MC simulation of
e*e”™ — hadron events. The background comes from non-
A(A) events, such as ete™ — 7tz pp, that can be esti-
mated using the corner method, i.e., Y}, B;/4 for M pr-and
M+ windows. Here, the definition for regions (B;) 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
ete™ — yy(3686) — yAA, an inclusive MC sample of
w(3770) is employed. The number of background events
of ISR y(3686) 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 £ — yA and K(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 (37.00 £ 0.03)%.

To determine the set of A spin polarization parameters
(AD, 1), an unbinned maximum likelihood fit is performed.
In the fit, an/x 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,
P(E;), for the event i characterized by the measured angles

& as

N N

c=][PeE.Q =[[owe. @eE). 6

i=1 i=1

where N is the number of events in the signal region. The
joint angular distribution W(§;, Q) is given in Eq. (1), and
(&) is the detection efficiency. The normalization factor
cl= #Zjv:“‘f W(E/,Q) is calculated as a sum of the

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

S:—IH,CS +IHEB, (6)

is conducted using the MINUIT package from the ROOT library
[58]. In Eq. (6), Lg and Lg represent the likelihood function
for events chosen in the signal region and sideband regions.
Figure 3 shows the distributions of the five moments F;
(j = 1,2,3,4,6). They are the projections offj (G =123,
4,6)inEq. (2) ontocos 0, definedas F; = YN (F;(¢;)). And
the A angular distribution (F, 4+ nFs) is analyzed with
respect to cos @, in ten intervals.
The moment

Ny
M(cos0,) = _%Z(sin 0, sin ¢}, + sin 0% sin %), (7)

1
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FIG.3. F;(k=1,2,3,4,6)momentand F + nF5 distribution
(last panel) with respect to cos@,. 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.

is related to the transverse polarization and calculated for
m = 10 intervals in cos 6, . Here, N denotes the number of
events in the kth cos@, interval. And N = > " N, is the
number of observed events in the dataset. The expected
angular dependence of the moment for the acceptance-
corrected data reads

1- 112
M(cos0,) = (ay — a) o

sin A® cos 6 sin 6 8
- \sindy (8)

1 +nc0529AP
3+7 r

©)

= (az — )

Figure 4 shows the distribution of the M(cos 8, ) 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
5.56 by comparing the likelihoods with and without
transverse polarization.

Systematic uncertainties in the measurement of A
hyperon polarization arise from various sources, including
background contributions, A reconstruction, kinematic fit,
beam transverse polarization, decay parameters of A — pz,
and the fit method. The background contributions include the
sideband region, which describes the non-A(A) background
and ISR (3686) 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 y(3686) background is the
dominant one. To estimate the uncertainty related to the A

0 05

= [TTTT[TTTI T
Ot
©
(9]
—_

cosf,

FIG. 4. Moments M(cos@,) as a function of cos@,. 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.

reconstruction including the tracking, the requirement on the
mass window and decay length of A, it is studied from a
control sample of y(3686) — AA 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 WV
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 a, 3 is estimated by
varying mean values obtained from averaging results in [23]
within 16. 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 (y = 0.86, A® = 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 and output 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 1.

In summary, we report the observation of transverse
polarization and complete determination of timelike
psionic form factors of the A hyperon in the ete™ —
AA process at /s = 3.773 GeV, using a data sample
corresponding to an integrated luminosity of 20.3 fb~!
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
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TABLE 1. Absolute systematic uncertainties in the measure-
ment of the A hyperon polarization parameters.

Source n AD (rad) R
Backgrounds 0.02 0.01 0.04
A 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

of the timelike psionic form factors ratio are measured to be
AD = (1.53 £0.36 + 0.03) rad, 1 =0.86 +0.05 £ 0.03
and R = 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 5.50, taking systematic uncertainties
into account) in the high momentum transfer region
(s > 14 GeV?). A comparison of A® 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 /s =
3.773 GeV [23], and A is also roughly consistent with
the results at other c.m. energies with an uncertainty of
(1-2)o. 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 /s =
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 A® between the transition

1‘2‘,_ I ] -Qn This work
= - vl 553.773 GeV (2022)
0sf- ® - {5=3.68~3.71 GeV
- 1 4 2396 Gev
% | —
0'6: 7 '@' Jlw—AR
04 - o
02} { 206
C ] 30
0O 1 2
AD (rad)
FIG. 5. Two-dimensional distribution of A® 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.

amplitudes of these helicity states implies the contributions
not only from the S-wave but also D-wave amplitudes to
AA 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 AA production mechanism within the ete™ —
y*/¥ — AA process, providing valuable insights into the
structure of baryons.
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