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Hyperons are produced with a nonzero spin polarization in e*e™ collisions, which can be straight-
forwardly parameterized in processes involving virtual photons or vector mesons, enabling direct
and precise CP violation tests. These CP tests can be performed via decays such as J /i, " — AA,
E=, and 2. For cascade hyperon decays, exclusive measurements of the final-state particles al-
low for three independent CP-symmetry tests and the determination of strong and weak phase
differences. The world’s largest data samples collected at the BESIII experiment at the J /i and
Y’ has allowed for multi-dimensional analyses leveraging polarization and entanglement for these

processes.
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1. Introduction

Particle physics explores the fundamental building blocks of matter and their interactions.
The Standard Model (SM) describes quarks and leptons as basic constituents, interacting via
gauge bosons governing the weak, electromagnetic, and strong forces [1]. Despite its success, the
SM leaves key predictions unverified, including nonstandard hadrons and quark mixing in weak
interactions, necessitating additional theoretical and experimental efforts.

Major experiments addressing these questions include BaBar and Belle at the PEP-II and
KEKB B-factories, BESIII at BEPCII, and LHCb at the LHC. The Belle II/SuperKEKB project
recently commenced data collection, while proposed Super Tau-Charm Factory, STCF in China,
aim at further investigations [2-7].

In the early 2000s, BaBar and Belle confirmed that CP violation in mesonic systems arises
from an irreducible complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [8]. These
experiments also uncovered hadronic states [9-13] with structures beyond conventional quark
models [14, 15].

The SM predicts a level of CP violation that is too small to account for the observed imbalance
between matter and antimatter. This suggests the potential for enhanced CP violation beyond the
SM, which could provide valuable insights into the missing antimatter.

Direct tests of CP symmetry can be carried out using polarized hyperons by comparing the
angular distributions of decay products from hyperons and anti-hyperons. Given that CP-violating
effects are anticipated to be small, these tests require high precision and large datasets. Such precise
CP tests can be performed in processes like e*e™ — J/yr,yy’ — YY. The BESIII collaboration [4],
with the world’s largest data sample from electron-positron annihilation, enables rigorous precision
tests of CP symmetry. Current analyses are based on 1.3 - 10° J/ and 4.5 - 107 ¢’ events. The
most recent data sets contain 10'° J/y and 3 - 10° ¢’ events.

2. Hyperon decays

The primary decay modes of ground-state hyperons are weak AS = 1 transitions, resulting in a
baryon and a pseudoscalar meson. These decays were crucial for revealing parity violation in weak
interactions [16] are important for studying CP violation and spin polarization in hyperon-related
reactions.

In the weak decay of a spin-1/2 parent baryon (Y) to a spin-1/2 daughter baryon (B) and a pion
-suchas A — pn~ or 2= — An~ - the parity-even amplitude produces a final state in the p-wave,
while the parity-odd amplitude leads to a final state in the s-wave. These two amplitudes, denoted as
P and S, are characterized by two independent decay parameters [17]: ay = 2Re(S*P)/(|S|?>+|P|?)
and By = 2Im(S * P)/(|S)? + |P|?), where |S|? + |P|> normalizes the amplitudes. The parameters
provide the real and imaginary parts of the interference between the amplitudes. A key experimental
parameter ¢y € [—m, 7] represents the rotation of the spin vector between the parent and daughter

baryons. For polarized cascades like 2~ — An~, the ¢y parameter can be determined through

the subsequent A — pn~ decay, which serves as a polarimeter. The relation between Sy and ¢y
is given by By = /1 — 0/12( sin ¢y. The decay parameter ay € [—1, 1] can be extracted from the
angular distribution asymmetry of the B baryon in the Y baryon rest frame. The distribution is
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described by: dI'/(I"dQ2) = (1+ayPy -01)/(4r), where Py is the polarization vector of the ¥ baryon
and fi is the direction of the B baryon momentum in the rest frame of the Y baryon. In the CP-
conserving scenario, the average values of the decay parameters for the hyperon and anti-hyperon
can be defined as (ay) = (ay — @y)/2 and {(¢y) = (¢y — ¢y)/2. Experimentally, two independent
CP-violation tests are possible by comparing the decay parameters of the hyperon and anti-hyperon
decays [18]: AY, = (ay +@y)/(ay — @y) and @, = (¢y + ¢y)/2.

The two-body hyperon decay can be described by decay matrices aﬁv,
transformations of the spin operators (Pauli matrices) a’}f and o2 in the Y and B baryon rest frame,
respectively [19]: 0'5 — Zi:o aﬁvo-f. The elements of these 4 X 4 matrices are parameterized in
terms of the decay parameters ay and ¢y and depend on the helicity angles.

which represent the

3. Production of baryon-antibaryon pairs and joint angular distributions

The processes ete™ — (c¢) — YY are ideal for studying hyperon decays and testing CP
violation, thanks to their relatively large branching fractions and low hadronic background [20].
Two analysis methods are used: an exclusive approach, where both baryon and anti-baryon decay
chains are fully reconstructed, and an inclusive one, where only a single decay chain is identified.

In weak decays like A — pr~, both A and A exhibit transverse polarization. This, combined
with spin correlations, enables the simultaneous extraction of decay parameters o and & [21], which
is essential for CP-symmetry tests.

A modular approach [19] describes baryon-antibaryon production in e*e™ annihilation, in-
cluding sequential decays. The joint density matrix of the YY pair is: pyy = Zi,v:o C #VO'Z ® 0'5 ,
where o’}f,
polarization and spin correlations, dependent on the baryon emission angle 6. The polarization

vector is given by Py(8) = /1 —a?

y
C;;(6) characterized by @, and AD.
For a single-step strange baryon decay, the full angular distributionis W (¢; w) = 2;31,1/:0 C Mva,):oa::o’

oY are Pauli matrices in their respective rest frames, and C,,,, is a 4 X 4 matrix encoding

sin @ cos 0 sin(AD) /(1 + ay, cos? @) with spin correlations

where & = (0, 65, ¢, 0, ¢p) represents helicity angles, and w = (ay, AD, ay, @y) defines global
parameters. For two-step decays like e*e™ — (¢¢) — Z~E*, the angular distribution depends on
nine helicity angles and eight global parameters, including a=, ¢=, and a [19].

4. Experimental measurements

41 ete” = J/y — AA

A recent BESIII update reports polarization measurements in ete™ — J/y — AA — pr~pr*
using a dataset of 3.2 - 10° candidates [22]. A polarization-dependent signal was observed in the
decay directions of both A and A. The measured phase between helicity-flip and helicity-conserving
transitions, A® = (43.11 + 0.24 + 0.46)°, resulted in a transverse polarization P, reaching a
maximum of 25%. The A decay parameter was found to be {(@x) = 0.7542 + 0.0010 + 0.0020,
showing a 17% deviation from the long-standing world average ax = 0.642 + 0.013 [23]. The
CLAS experiment [24], which re-analyzed spin data from the process yp — AK™, reported
ap = 0.721 £ 0.006 = 0.005, closer to but still inconsistent with BESIII measurement. This
discrepancy requires further investigation.
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42 ete” — J/y — BB

Recent BESIII measurements of J/yy — E"E" — (A — pan7)n (A — pn*)n* provide
precise determination of E~ decay parameters and production observables ay, A® [25]. The

analysis enabled two independent CP tests: AZ,, AA, and ®Z

cp Acp cp» representing the first asymmetry

measurements for 2 decays.

The measured (¢=) = 0.016 + 0.016 rad differs by 2.60- from HyperCP’s result [26]. The
strong phase difference 6p — 05 = (=4.0 + 3.3 + 1.7) - 1072 rad agrees with heavy-baryon chiral
perturbation theory [27], while the weak phase difference (ép — &s) = (1.2 +3.4 +0.8) - 1072 rad
matches SM expectations [28]. This analysis represents one of the most precise CP-symmetry tests
for strange baryons and the first direct weak phase measurement for any baryon.

A new BESIII study on the Z~=* process with an anti-neutron in the final state, along with its
charge conjugate channel, confirms consistency with previous results from the proton-antiproton
final state channel [25, 29]. For A — nn?, the asymmetry ratios ag/apy = 0.877 % 0.015%0-014

(hyperons) and a@g/as = 0.863 + 0.014t%_%})%3 (anti-hyperons), deviating from unity by overosoci'o,
show clear evidence for AI=3/2 transitions.

To study the proton-neutron relationship, two CP-symmetry tests were performed. If CP is
conserved, the product of asymmetry parameters a¢_a= and a,a= should be equal, and the helicity
angular ratio R(cos 6;, cos 6;), with i = {p, n}, should be flat and unity. The CP test accuracy is
enhanced by using an isospin-averaged ratio Rj. Similarly, if no Al = 3/2 transition in A decay is
present, @_ = ay, this leads to flat nucleon ratios R,, which allows for a refined Al=1/2 rule test.

Figure 1 presents helicity angle distributions. The nearly flat R distribution (Fig. 1(a)) is
consistent with CP conservation, whereas the R, slope (Fig. 1(b)) indicates a Al = 3/2 transition.
The transition ratio was determined as 0.0349 + 0.0017+%:0012 1 0.0047 for S-wave and —0.0752 +

-0.0013 —~

0.0078t%%%6672 + 0.0044 for P-wave [28]. While the S-wave ratio aligns with K — 7z results, the

P-wave result, measured for the first time, differs from the S-wave, providing new constraints on
lattice QCD [30] and the dual QCD approach [31].
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Figure 1: Ratios of helicity angular distributions for different nucleons in the final states, (a) R(cos 6 ,, cos 65)
and R(cos 6,,, cos 0;) as well as (b) R(cos 8, cos 8,,) and R(cos 05, cos 65) versus cos 6. The dots with errors
are determined by independent fits for each cos 8 bin of the corresponding nucleons. The solid curves in
red with 1o (red) and 30 (pink) statistical uncertainty bands show the results of the simultaneous fit. The
dashed curves in black show the CP-conserving and no Al = 3/2 transition expectations.

Recent studies of J/y — Z'Z0 — (A — pa7)n®(A — pa*)a® improved Z° parameters
precision by an order of magnitude, measuring weak phase difference (ép — &s) = (0.0 = 1.7
0.2) - 1072 rad and two independent CP tests Acp = (=5.4 = 6.5 £ 3.1) - 10> and Adcp =
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(=0.1 £6.9 +0.9) - 1073 rad [32]. These results offer new insights into cascade hyperon decays
and CP violation.

4.3 ete — (c¢) — 200

The decay processes ete™ — J/y, ¢’ — 289 — (A — pa7)y(A — prt)y has been
analyzed using the full BESIII dataset [33], marking the first test of strong CP symmetry in X°
hyperon decays. The measured decay parameters were aso = —0.0017 + 0.0021 + 0.0018 and
aso = 0.0021 + 0.0020 + 0.0022.

For the first time, the transverse polarization of X° hyperons in J/y and " decays was found
to point in opposite directions. This behavior was previously observed in X+ and £~ decays to
p7r0 [34], but not for E hyperons [25, 32].

Theoretical predictions [35] suggest this discrepancy arises from a difference in the relative
phase between S- and D-waves. The phase difference between neutral X pairs from J/y and ¢’
is similar to that of charged X pairs, both around x. If this pattern is not coincidental, it warrants
further investigation.

5. Summary and Outlook

Hyperons are essential for studying the strong interaction and fundamental symmetries. Exclu-
sive measurements of polarized and entangled hyperon-antihyperon pairs provide unique insights
that are difficult to achieve through other methods. The BESIII collaboration has made significant
progress in understanding the structure and decay of the A hyperon with remarkable precision,
including the first direct measurement of the weak phase difference in multi-strange = hyperon
decay. Ongoing studies of sequentially decaying charmed baryons aim to separate strong and weak
decay phases. With a world-leading dataset of 10! J/ and 3 - 10° y” events, these efforts are set
to advance hyperon physics.

In 2024-2025, the BEPCII upgrade will optimize energies at the charmed baryon-antibaryon
pair threshold, facilitating further data collection and the study of highly polarized hyperons from
charmed baryon decays.
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