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The hyperons are produced with a non-zero spin polarization that is
straightforward to parameterize in processes involving virtual photons or
vector mesons, allowing direct and precise CP violation tests. These CP
tests can be performed on e.g. J/v — AA, J/¢p — EZ, and J/v, " —
XX, For the & — Ar decay, the exclusive measurement of the final-
state particles allows for three independent CP-symmetry tests and the
determination of the strong and weak phase differences. Thanks to the large
datasets in the tau-mass region, including the world’s largest data samples
at the J/1 and ¢’ resonances collected at the BESIII experiment, the
multi-dimensional analyses making use of polarization and entanglement
have been performed for these processes.
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1. Introduction

Existing of strong abundance of matter over antimatter in the Universe
is one of the unresolved questions of fundamental physics. The matter—
antimatter asymmetry is expected to have arisen via a physical mechanism,
called baryogenesis [1], which required the violation of charge conjugation
(C) and charge conjugation combined with parity (CP) in the processes. The
CP symmetry violation is allowed within the Standard Model (SM) while
it is not sufficient to account for the observed discrepancy between matter
and antimatter. Thus, if the CP violation is observed, it would indicate new
physics and provide a clue of what happened to the missing antimatter.
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In the case of polarized hyperons, the direct CP-symmetry tests can
be conducted by simultaneously measuring the angular distributions of the
hyperon- and antihyperon-decay products. Measurement with high preci-
sion is required because any CP-violating effect is small. It is therefore a
necessity that large data samples are available. Precise CP tests on hyperon—
antihyperon pairs can be performed in the eTe™ — J/1, ¢/ — BB processes.
The BESIII Collaboration [2] has collected the world’s largest dataset of
hyperon—antihyperon pairs directly from electron—positron annihilation that
allows for several stringent precision CP-symmetry tests for hyperons. The
released analyses are based on 1.3 x 109 J/v and 4.5 x 107 1’ events and
recently available 100 .J /1) events.

2. Hyperon decays

The weak AS = 1 transitions into a baryon and a pseudoscalar meson
are the main decay modes of the ground-state hyperons which are nowadays
used in searches of CP-symmetry violation signals in the baryon sector and
to determine spin polarization in hadronic reactions involving hyperons.

For a weak decay of a spin-1/2 initial (B) baryon to a spin-1/2 final
(b) baryon and a pion, such as A — pr~ or 5~ — An—, the parity-odd
(parity-even) amplitude leads to the final state in the s-wave (p-wave). The
two amplitudes denoted S and P, respectively, can be parametrized using

two independent decay parameters [3]

_ 2Re(5* P)
ISP+ (P2

~ 2Im(S* P)

and Bp = ma (1)

ap

where |S]2+4|P|? is the normalisation of amplitudes. The parameters provide
the real and imaginary part of the interference term between the amplitudes.
The experimentally motivated parameter is ¢p € [—7, 7] related to the ro-
tation of the spin vector between the initial and final baryons. For the
=7 — An~ decay with polarized cascade, the ¢p parameter can be deter-
mined using the subsequent A — pr~ decay which acts as a polarimeter.

The relation between Sp and ¢p parameters is Bp = 4/1 — a% sin¢p. The

decay parameter ap € [—1, 1] can be determined from the angular distribu-
tion asymmetry of the b baryon in the B baryon rest frame

1dr 1
Ealig—— | Pgp-n 2
where Pp is the B baryon polarization vector and n is the b baryon momen-
tum direction in the B baryon rest frame. In the CP-conserving limit, the
hyperon—antihyperon average values can be defined as (ap) = (ap —ap)/2
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and (¢p) = (¢p — ép)/2. Experimentally, two independent CP-symmetry
tests are possible based on a comparison of the decay parameters in the
hyperon and antihyperon processes [4]

B 1—a?
ap +a : P
Agp _ H:—Sln¢Dtan(€P_£S)7’
ap — Qp ap
L3 o
oL, = w:COSQﬁDtan(gP_gS)iD‘ (3)

\/1—a2D

The above two CP observables are related and provide a measure of the
single quantity ({p — &g), called the weak phase difference.

The two-body hyperon decay can be described using decay matrices al]f,/
wglich represent the transformations of the spin operators (Pauli matrices)

o, and 0% defined in the B and b baryon rest frames, respectively [5]

3
B D b
o, = ZaWUV. (4)
v=0

The elements of such 4 x 4 matrices are parameterized in terms of the decay
parameters ap and ¢p, and depend on the helicity angles.

3. Hyperon—antihyperon pairs production
and joint angular distributions

Due to the low hadronic background and the relatively large branching
fractions [6], the eTe™ — J/1, ¢/ — BB processes are well-suited for de-
termination of the hyperon decay properties and CP-violation tests. Two
analysis methods are considered: inclusive where only the decay chain of
the hyperon or antihyperon is reconstructed and exclusive where both decay
chains of hyperon and antihyperon are fully reconstructed. The importance
of all single-step weak decays, e.g. the B — br—, is that the B and B
are produced with a transverse polarization. The polarization and the spin
correlations allow for a simultaneous determination of o and & decay pa-
rameters [7].

A modular approach [5] can be used to describe the baryon—antibaryon
pair production in ete™ annihilation including two-body sequential decay
processes. The general expression for the joint density matrix of the BB
pair is

3
B B
PBB = Z CMVU,LL ®UV ’ (5)
=0
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where C),,, is 4x 4 real matrix representing polarizations and spin correlations

and a set of four Pauli matrices af(af ) in the B(B) rest frame is used. It
describes the spin configuration of the entangled hyperon—antihyperon pair

in their respective helicity frames. The coefficients 0%2 depend on the

scattering angle 6 of the B baryon. The structure of the C}L,/,Q matrix can be
represented by polarization vector

\J1— ai} sin 20
Py(0) = sin(A®) (6)

2(1 + ayy cos? 0)

and spin correlations Cilj/ 2(9). The oy, and AP are two real parameters that
describe the angular distributions of the baryon—antibaryon pair production.
The joint angular distribution of J/1,v’ — BB with a single-step decay of
hyperon and antihyperon is

3
W(gw) = > Cil?alyaly, (7)
w,v=0

where the vector & represents a set of helicity angles. The global pa-
rameter vector w has four dimensions: w = (ay, A®,ap,ap). The pro-
duction and the two-step decays in the ete™ — J/¢p — Z~Z% are de-
scribed by a 9-dimensional vector & of the helicity angles. The structure
of this angular distribution is determined by 8 global parameters wz =

(alln AQ? as=, ¢57 ap, 0z, QEE, dA) [5]

4. Experimental measurements
4.1. etem — J/ib — AA

The updated result of polarization observation in ete™ — J/¢ — AA —
pr—prt at BESIII has been reported recently [8] and the data sample in-
cludes 3,231,781 candidates. A clear, polarization-dependent signal on the
A direction is observed for A and A. The phase between helicity-flip and
helicity-conserving transitions is determined to be A® = (43.11 + 0.24 +
0.46)°. This phase value corresponds to the transverse polarization P,
(Eq. (6)) reaching the maximum of 25%. The value of (o ) is found to
be 0.7542 £+ 0.0010 £ 0.0020 deviating by 17% from the world average es-
tablished 40 years ago for the ay = 0.642 £+ 0.013 [9]. The CLAS experi-
ment [10] has re-analyzed spin data on yp — AK™ and measured the value
of vy = 0.721 +0.006 + 0.005. It is still inconsistent with the BESIII result
that needs to be understood.
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4.2.etem = J/p, ) — XTI

The value of the decay parameter oy in the Xt — pr® process prior to
the BESIIT measurement performed in 2020 [11] was based on the 7tp —
YT KT experiments fifty years ago [12-14], while ax; has not been measured.
Since the large |a x| value enhances sensitivity of the ete™ — J/¢,¢" —
XX~ process, it is interesting in the context of revealing quantum entan-
gled spin correlations. The CP-odd observable AZp = —0.004-:0.0374-0.010
is extracted for the first time and is consistent with the SM prediction [15].

4.83. ete = J/p - E-EF

The analysis results of the J/1 — Z~ =% — (A — pr)7m~ (A — pr )™t
process was recently published [16] where 73,244 candidates are selected in
the final sample. The comparison of the determined decay parameters for
baryons and antibaryons allows for three independent CP-symmetry tests:

gp, Aép, and @gp, where the asymmetries for = decay are measured for the
first time [16]. The BESIII result for (¢=) has similar precision as HyperCP
result [17], ¢p= = —0.04240.016 rad, but the two values differ by 2.6 standard
deviations. The (¢=) measurement translates to the determination of the
strong phase difference (5p — dg) of (—4.0 £3.3£1.7) x 1072 rad consistent
with the heavy-baryon chiral perturbation theory predictions [15] of (1.9 £
4.9) x 1072 rad. The weak phase difference (ép — &s) = (1.2 3.4 +0.8) x
1072 rad is in agreement with the SM predictions [18], (—2.141.4)x10~* rad.
This is one of the most precise CP-symmetry tests for strange baryons and
the first direct measurement of the weak phase for any baryon.

5. Summary and outlook

Hyperons provide a powerful diagnostic tool to study strong interaction
and fundamental symmetries. In particular, exclusive measurements of po-
larized and entangled hyperon—antihyperon pairs give access to information
that is difficult or impossible to study in other processes. In recent studies
by the BESIII Collaboration, the structure and decay of the single-strange
A hyperon has been studied with unprecedented precision. The first direct
measurement of the weak phase difference has been performed using the
multi-strange = hyperon decay. Furthermore, in ongoing studies of sequen-
tially decaying charmed hyperons, the strong and weak/beyond SM observ-
ables can be disentangled. This, in combination with the world-record data
sample of 1010 J /9 events from BESIII, will have potential to bring hyperon
physics to a new level.
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