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Abstract: Polarized hyperon-antihyperon pairs shed light on various unresolved puzzles in contemporary physics:
How the strong interaction confines quarks into hadrons, how accurately the Standard Model describes microcos-
mos and even why our universe consists of so much more matter than antimatter. Thanks to their weak, parity violat-

ing decays, hyperons reveal their spin properties. This can be exploited e.g. the decomposition of the electromagnet-

ic structure of hyperons, precision tests of flavour symmetry and searches for CP violation. At the BESIII experi-

ment at BEPC-II, Beijing, China, hyperon-antihyperon pairs can be produced in abundance. Recently collected large

data samples have triggered the development of new methods that provide unprecedented precision and a plethora of

new results have emerged. When applied at future high-intensity facilities like PANDA and STCF, precision phys-

ics will be taken to a new level which can contribute to the solution to the aforementioned puzzles.
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I. INTRODUCTION

Hyperons offer a unique tool to study some of the
most challenging problems in contemporary physics. In
this review, we will in particular demonstrate how polar-
ized and entangled hyperon-antihyperon pairs can be ex-
ploited as a precision instrument to probe various aspects
of the Standard Model (SM) of particle physics. Though
immensely successful in describing the elementary
particles and their fundamental interactions, the SM falls
short in describing the properties of complex systems
such as nucleons, nuclei or even the evolution and com-
position of our universe. Many puzzles in modern phys-
ics are related to the limitations of the SM and they fall
into two main categories: those whose solution should be
sought within the SM, and those where one needs to go
beyond.

Within the SM, it remains a challenge to quantitat-
ively describe the main building block of the visible uni-
verse: the nucleon. Its mass, size and structure emerge

from the complex dynamics of the strong interaction. The
theory of Quantum ChromoDynamics (QCD), an inher-
ent part of the SM, describes these interactions from first
principles, but its non-Abelian nature makes it difficult to
make quantitative predictions at distances where quarks
form hadrons. Replacing one or several light quarks in
the nucleon with heavier strange or charm, gives deeper
insights into these interactions.

Various experimental observations, such as neutrino
oscillations, the need for dark matter to explain cosmolo-
gical observations and the matter-antimatter asymmetry
of the universe, raise the question of whether there is a
more fundamental theory beyond the SM (BSM) that en-
compasses these phenomena. Intensive searches for BSM
physics are ongoing at the high energy frontier, in a quest
to find hitherto unknown, heavy particles manifesting a
new fundamental theory. A complementary approach is
the precision frontier: new aspects of particles whose ex-
istence is established since long. By studying the proper-
ties of these particles, e.g. measuring quantities that
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should either be zero, or that can be calculated with im-
mense precision, physics beyond the SM would reveal it-
self by significant deviations from these predictions.

Hyperons are well suited for precision physics
through their weak, parity violating decays, giving
straightforward experimental access to their spin proper-
ties. This is in contrast to e.g. protons, for which dedic-
ated polarimeter detectors are required for this purpose.
In hyperon decays, the daughter particles are emitted ac-
cording to the direction of the spin of the mother hyperon.
For example, consider a two-body decay ¥ — BM, where
Y is a spin 1/2 hyperon, B a spin 1/2 baryon and M a
pseudoscalar meson as illustrated in Fig. 1. The angular
distribution of B in the rest system of Y with respect to
some reference axis y is given by [1, 2]

1
W(cosOp) = 4—(1 +aPycosfp). )
v

The polarization Py = P,(cosfy) carries information
about the production mechanism, while the decay asym-
metry a only depends on the decay process. The paramet-
er a is proportional to the real part of the product of the
interfering parity violating and parity conserving decay
amplitudes [3]. The imaginary part is accessible in se-
quential hyperon decays, i.e. hyperons that decay weakly
into other hyperons [4, 5]. Eq. (1) demonstrates an ex-
ample of how physical parameters, such as a and P, can
be retrieved from measurable quantities such as cosfg
and cos@y. This feature is crucial in the work presented in
this review.

Fig. 1. (color online) The Y — BM decay, with the spin dir-
ection of Y along the y-axis.

II. FUNDAMENTAL QUESTIONS

A. Structure at the femtometer scale

The nature of the strong interaction manifests in the
properties of the nucleon, such as its mass and size. These

are connected since a mass-scale is a prerequisite to con-
fine colour charges into colour singlets of finite size [6].
The structure, i.e. the distribution and motion of the
quarks inside hadrons, is crucial to understand the under-
lying mechanisms. Recently, tremendous efforts in atom-
ic and subatomic physics as well as hadron theory have
led to rapid progress in solving the so-called proton radi-
us puzzle [7]. A coherent picture of the emergence of
hadron properties requires corresponding studies of simil-
ar but different quark systems, such as neutrons [8, 9] and
hyperons. The latter contains one or several heavy quarks
such as strange and charm, which should have an impact
on their inner structure, including properties like the
charge radius. Measured radii of pions [10] and kaons
[11] indicate that this is indeed the case.

Electromagnetic form factors (EMFFs) are structure
functions that have the advantage that they are experi-
mentally accessible for both protons, neutrons and hyper-
ons. Space-like electric Gg and magnetic Gy form
factors, probed in elastic electron-baryon (e”B — e¢”B)
scattering, are related to the charge- and magnetisation
densities, respectively [12]. However, since the hyperons
are unstable, they are unfeasible as beams or targets and
as a consequence, their space-like EMFFs are hard to ac-
cess experimentally. Instead, the time-like EMFFs consti-
tute the most viable structure observables for hyperons
[13]. These can be probed in either ete™ — y* — Y1, 1>
reactions or in so-called Dalitz decays Y| — Yy,
v* — e*e”. The experimentally accessible time-like and
the intuitive space-like EMFFs are related via dispersion
relations [14].

Space-like EMFFs are real functions of ¢?, whereas
the time-like ones are complex. The electric and the mag-
netic form factor of a spin 1/2 hyperon have a relative
phase A® [15], reflecting fluctuations of the y* into e.g. a
nr intermediate state. At a certain scale qazsy, the time-like
and the space-like EMFFs should converge to the same
real value, i.e. their phase will approach an integer mul-
tiple of 7 [16, 17]. From the asymptotic behaviour of the
EMFF phase, we can even extract information about
space-like quantities such as the charge radius [18]. But
how do we measure this phase?

In the e*e™ — YY reaction, a non-zero phase mani-
fests in a polarized final state, even if the colliding beams
are unpolarized [15]. The polarization has a well-defined
dependence on the hyperon scattering angle, the form
factor ratio R=|Gg/Gy|l and the phase sinA® [19].
Therefore, the phase can be calculated from the polariza-
tion, which in turn can be extracted from the angular dis-
tribution of the decay products, according to Eq. (1).

In the vicinity of vector charmonium such as J/¥,
Y(3686) and W¥(3770), the production of most hyperon-
antihyperon pairs is strongly influenced by processes in-
volving these vector states. In some cases, in particular
for J/¥ — Y7, this process dominates. For others, such as
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the isospin-breaking J/¥ — AL, it is suppressed. In the
former cases, the form factors describe the vector decay
and are denoted psionic form factors, in contrast to elec-
tromagnetic form factors [19]. Though psionic form
factors are straightforward to measure with high preci-
sion, their physical meaning is yet to be understood.

B. Searching beyond the standard model

1. CP violation

Despite its great success, the SM does not provide an
explanation for the matter-antimatter asymmetry of the
universe; Why does our universe consists of matter, and
not antimatter? Unless fine-tuned in the Big Bang, the
matter abundance must have been generated dynamically.
The mechanism proposed by A. Sakharov, Baryogenesis
[20], has become the most long-standing candidate for
such a process. However, several criteria need to be ful-
filled for this to be possible: i) the existence of processes
that violate baryon number, ii) the existence of processes
that violate the conservation of charge conjugation (C)
and the combined charge conjugation and parity (CP),
and iii) the processes i) and ii) must occur outside thermal
equilibrium. Hyperons provide a sensitive instrument to
test criterion ii) as we will demonstrate in this report.

CP violation in weak interactions is accommodated in
the SM through the Cabibbo-Kobayasi-Maskawa (CKM)
mechanism [21, 22]. However, the predicted CP viola-
tions are not sufficient to explain the observed matter
abundance of the universe. Hence, the search for CP viol-
ation is connected to the search for physics beyond the
SM. Decays of entangled hyperon-antihyperon pairs
provide a unique hunting-ground for such signals. Hyper-
ons decay through a complex interplay of strong, CP con-
serving interactions and weak, possibly CP violating ones
and the challenge is to interpret the decay patterns of hyp-
erons and antihyperons in terms of CP violating amp-
litudes.

While predicting small CP violations in weak interac-
tions, the SM should allow for CP violating strong inter-
actions. This would for instance manifest in a non-zero
electric dipole moment (EDM) of the neutron [23].
However, the upper limit of the neutron EDM has been
found to be extremely small [24], suggesting an unnatur-
ally small CP violation in the strong interaction. The fact
that the SM does not explain why this is so small, is re-
ferred to as the strong CP problem [25]. Flavour con-
serving radiative hyperon decays are related to the neut-
ron EDM through flavour symmetry and can therefore
constitute a potential test of the strong CP problem [26].
In addition, they offer a probe for tests of C conservation.
Flavour conserving radiative decays of hyperons involve
both weak, electromagnetic and strong interactions and
probe P and CP symmetry [27].

2. Flavour symmetry

In addition to the aforementioned CP tests, hyperon
decays offer independent ways to probe the SM at the
precision frontier. In particular, the CKM matrix ele-
ments, characterizing the quark flavour mixing, are cru-
cial parameters of the SM. Considering the three lightest
quarks up (#), down (d) and strange (s), the matrix ele-
ments |V,4| and |V, can be precisely predicted and also
tested independently in semi-leptonic decays (Y, —
Y»19;) of mesons as well as hyperons. In fact, the inter-
play between the weak interaction and the hadronic struc-
ture is revealed with greater richness in hyperon decays
compared to meson dittos. This is thanks to the presence
of three valence quarks in the former case, compared to
the simpler quark-antiquark structure [21].

A peculiar feature of the SM is that the electroweak
gauge bosons, i.e. the y, the Z and the W*, couple in the
same way to all leptons, irrespective of generation. This
feature, referred to as lepton universality, can be probed
in semi-leptonic decays of hyperons [28].

III. THE BESIII EXPERIMENT

The BEijing Spectrometer (BESII) [29] at the
Beijing Electron Positron Collider (BEPC-II) is a multi-
purpose experiment that offers unique opportunities to
explore strange and single-charm hyperons. The experi-
ment operates at CMS energies ranging from 2.0 GeV up
to 4.95 GeV. Hyperon-antihyperon pairs can be pro-
duced either in one-photon exchange processes ete™ —
y* — YY by off-resonance energy scans, or from vector
charmonium decays, e.g. e*e™ — J/¥ — YY.

Since the operation commenced in 2009, BESIII has
collected more than 40 fb~! of data, comprising several
world-leading data samples including 10'°J/y events [30]
and 2.7-10%%(3686) events. These samples give unpre-
cedented access to the hyperon pairs via ¢ — YY decays.
In addition, fine energy scans have been performed in a
range covering the production threshold regions of all
strange ground-state hyperons. Recently, more than 3
fb~! of data have been collected above the AA.~
threshold.

The BESIII detector covers 93% of the 4z solid angle.
A small-cell, helium-based main drift chamber (MDC)
surrounding the e*e™ collision point provides precise
tracking of charged particles. The BESIII detector also
comprises a time-of-flight system (TOF) based on plastic
scintillators, an electromagnetic calorimeter (EMC) made
of CsI(TI) crystals, a muon counter (MUC) made of res-
istive plate chambers, and a superconducting solenoid
magnet with a central field of 1.0 Tesla.

The work presented here is based on a low-energy
scan from 2015, including a large sample at 2.396 GeV, a
high-energy scan from the A*A; threshold near 4.6 GeV,
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collected during 2014, a scan above 4.6 GeV during 2019
- 2021, a sample of ¥(3686) events collected during 2009
and 2012, 1.2-10°J/¥ events collected in 2009 and 2012,
and 10'°J/%¥ from 2018 and 2019.

IV. POLARIZED AND ENTANGLED HYPERONS

A. Hyperon-antihyperon pair production

Consider the production of a pair of a spin 1/2 hyper-
on and antihyperon in either the e*e™ — y* — YY (Fig. 2,
left panel) or ete™ — ¥ — YV (Fig. 2, right panel), where
Y is any vector charmonium resonance: J/¥, W(3686),
Y(3770) etc. In e*e” annihilations, processes with spin-
parity J” = 1~ dominate completely which means that the
spin-parity of the final state is considered to be known. In
the case of an intermediate virtual photon y*, the process
can be parameterised in terms of two complex electro-
magnetic form factors Gr(¢*) and Gu(q?) [15, 31-33].
The form factors are functions of the momentum transfer
¢* carried by the virtual photon. The Born cross section
o is related to the effective form factor G.g(g?), a linear
combination of Gz(¢?) and Gy (g?):

271Gy (g>)1? +|GE(gH)?
1+27

Get(q*) =

o 3q>
[ ®
1+ —(4nma?B)
27

where 7= ¢?/(4M3), o is the electromagnetic fine struc-
ture constant and S is the velocity.

The modulus of their ratio R =|Gg(¢*)/Gu(g®)| gov-
erns the scattering angle 8 between the produced hyperon
and the positron beam:

dop 2ma’B

dQ 4
_ 2ra’B
=0

RZ
(1 +cos? 0+ — sin® 0)
T

(1+1c0s20), 3)

where 1= (r—R?)/(t+R?). The relative phase A® of
Gr(g®) and Gy(g®) governs the vector polarization and
tensor polarization (i.e. spin correlations) of the pro-

duced hyperon-antihyperon pair [4]. If the beams are un-
polarized, then a vector polarization of the final state hyp-
erons is only allowed in the direction normal to the plane
spanned by the incoming beam and the outgoing hyperon:

(1 =12)si
P ( n)sm@cosesinAQ

1+ncos?é

4)

In addition, there are five non-zero spin correlations.
In the case of an intermediate vector charmonium, the
electromagnetic form factors are replaced by the so-called
psionic form factors G and G}, [4]. The formalism is
the same as for an intermediate y*, but by convention, the
n in Eq. (3) is denoted ay and the phase ADy.

If a spin 1/2-spin 3/2 hyperon-antihyperon pair is pro-
duced in an initial J* =1~ state, an additional Coulomb
quadrupole form factor G¢(g*) [34] enters the parameter-
ization. An equivalent description is to use three helicity
parameters as shown in Ref. [35]. In a similar way, the
production of a hyperon-antihyperon pair which are both
spin 3/2 can be parameterized by Gg(q%), Gu(q?), Ge(g?)
and the octupole form factor Go(g?), or equivalently by
four helicity amplitudes [35, 36].

B. Hadronic hyperon decays

The self-analysing hyperon decays, mentioned in the
introduction, provide a powerful diagnostic tool to study

e Structure functions, such as electromagnetic form
factors.

® The spin of the mother hyperon.

e Parity violating and parity conserving decay amp-
litudes.

In the following, we will look into two-body hadronic de-
cays of spin 1/2 or spin 3/2 hyperons decaying into a ba-
ryon and a pseudoscalar mesons.

1. Direct decays

By direct decay, we consider the case when a hyper-
on Y either decays into a stable baryon B and a pseudo-
scalar meson M, or the case when the hyperon decays in-

Fig. 2.
where ¥ a vector charmonium resonance (right).

(color online) Illustration of the process ete™ — y* — YY, where y* denotes a virtual photon (left) and the ete” —» ¥ — YV,
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to another hyperon but where the subsequent decay of the
daughter hyperon is not measured or where the daughter
is a stable baryon. This process is schematically shown in
Fig. 3. The production plane of the e*e™ — YY process is
shown in the middle and the antihyperon decaying into a
two-body hadronic state is shown to the left; to the mid-
left in the centre-of-mass of the reaction and to the very
left in the rest system of the decaying antihyperon.

The decay of a spin 1/2 baryon is described by a par-
ity conserving (P-wave) and a parity violating (S-wave)
amplitude. A spin 3/2 hyperon decay can be described in
a similar way, but with the S-wave replaced by a D-wave.
The real part of their products is the aforementioned ay
decay parameter from Eq. (1), while the imaginary part is
denoted By [3]. A third parameter, yy, is defined by the
difference of the squares of the parity conserving and par-
ity violating amplitudes. These three so-called Lee-Yang
parameters fulfil o3 +p% +y% = 1. Furthermore, a para-
meter ¢y can be defined according to

By = \/1—-a3singy, yy= \/1-akcosey. 6)

Hence, the decay is completely described by two in-

dependent parameters @y and either By, yy or ¢y. The
parameter ay can be understood more intuitively as the
longitudinal polarization induced by the decay, as illus-
trated in Fig. 4. The longitudinal polarization of the
daughter will hence be ay plus the transferred polariza-
tion from the mother. The latter depends on the decay
angle of the daughter. Similarly, S8y and yy quantify the
transversal polarization transfer.

The formalism of the full process ete™ — y*/¥ —
YY,Y — BM,Y — BM has been outlined in Refs. [19, 33]
and demonstrates how the form factors and the decay
asymmetry parameters ay and ay can be accessed from
the joint angular distribution of the decay products
B,M,B and M. By so-called single-tag analysis, where
either the hyperon or the antihyperon decay is measured
while the undetected part is reconstructed from missing
kinematics, the quantity sin A® can be measured [33, 37].
Although the phase A® can only be determined with a
AD/180° — A® ambiguity, it still provides useful informa-
tion about the structure [18].

From the decay asymmetry parameters, we can con-
struct a CP test: Exact CP symmetry implies equal decay
patterns for particles and antiparticles, i.e. ay=—ay.
Hence, the asymmetry

+

Fig. 3.

(color online) The reaction e*e” — YY which decays either hadronically (BM, to the left) or semi-leptonically (BW-, to the

right). Theplanes illustrate different reference frames, where those where particles are emitted back-to-back represent the rest frame, or

the helicity frame, of the decaying particle.

Py

1

Fig. 4.
and yy, § from the mother hyperon Y;.

»Z
ay, + Py, cos Oy,

(color online) The daughter hyperon Y, receives longitudinal [ey, + Py, cosfy, ]2 and transversal polarization components By, %
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Acp = F (6)

quantifies the degree of CP violation. The asymmetry
Acp is straightforward to access for all weakly decaying
ground-state hyperons. Strange hyperons have the advant-
age that they decay with an appreciable fraction into two-
body hadronic states, hence it is feasible to collect large
exclusive YY data samples where the decays of the hyp-
eron and the antihyperon can be studied simultaneously.

The disadvantage of the Acp is that its sensitivity to
CP violation is somewhat limited. This is because had-
ronic decays involve strong, CP conserving amplitudes as
well as weak, possibly CP violating, amplitudes. For spin
1/2 hyperon decays, the former are quantified by strong
phase shifts 65 and &p in the final state BM interaction.
Here, S and P denote S-waves and P-waves, respectively.
The strangeness (|AS|=1) and isospin (Al =1/2) chan-
ging transition in the Y — BM decay induce weak, CP vi-
olating phases & and &p. Hence, the phase difference
&p— &g arises from the interference between S-waves and
P-waves and if different from zero, it indicates CP viola-
tion. This is similar to kaon decays, where CP violation is
induced by an interference between the isospin transition
amplitudes Al =1/2 and Al =3/2. Hyperon decays also
involve both transitions but the Al =1/2 is believed to
dominate [38]. Assuming this is the case, the weak, CP
violating phase (¢£p —&s) can be extracted from the meas-
urable asymmetry Acp by [38—40]

Acp = —tan(6p — by ) tan(€p — &5). (7

However, we see that if there is no BM final state interac-
tion, i.e. if the difference (5p—Js) is close to zero, the
Acp would vanish even if (£ép — &) 1s non-zero. A separa-
tion of strong and weak contributions can hence increase
the sensitivity to CP violation. As we will discuss next,
this is possible through sequential hyperon decays.

2. Sequential decays

Multi-strange and charmed hyperons decay sequen-
tially, i.e. into other unstable hyperons. These decay
chains give access to the additional decay parameters f
and ¢ [3]. A formalism for sequentially decaying hyper-
on-antihyperon pairs from e*e~ annihilations has been
outlined for single-tag measurements in Ref. [4] and for
exclusive measurement in Ref. [35]. The latter includes
the decay chains of spin 3/2 as well as spin 1/2 hyperons
and demonstrates how helicity amplitudes and decay
parameters can be extracted from the joint angular distri-
bution of the hyperons and their decay products.

From the decay parameters £ and ¢, an additional CP
test can be constructed:

:¢Y+¢1?_

. ®

Agcp

This test has the advantage that it, at first order, only
depends on the weak phase difference whereas strong
phases do not appear:

N {ay)(ép—E&s)Lo

A 9
pcp () )

where
(ay) = 2 (10)

This separation of the weak phase difference in-
creases the sensitivity to CP violation by at least an order
of magnitude [38].

3. Projected decay distributions

In hyperon beam experiments, where a high-energy
hyperon is produced in pp or pA interactions, one can in-
tegrate out most angles in the multi-step hyperon decay
chain. In other words, one obtains a projection of the an-
gular distribution on the final state baryon angle. This al-
lows for the extraction of the product ay;ay; from the fi-
nal state baryon in the rest frame of the intermediate hyp-
eron Y:

dn
dcosfp

1
= E(]+(Yy10’y200$93). (11)

The CP odd quantity A%, can then be defined

ay1ay + @y ay;

AL = ~ALL + AL (12)

Qy1Qy2 — @y Ayy

The advantage of A, is its simplicity, but it is also
less sensitive to CP violation: It is possible that non-zero
CP violations of hyperon Y; and Y, have opposite signs
and therefore cancel out completely or partly.

C. Radiative hyperon decays

Radiative decays of hyperons, ie. Y, — Yy, are
either purely electromagnetic (if ¥, and Y, have the same
flavour and hence do not involve transitions between
quark generations) or weak (if ¥; and Y, have different
flavour and hence involve transitions such as s — u). Ra-
diative decays into nucleons, i.e. Y — Ny are always
weak. Electromagnetic decays, e.g. =% — Ay, is expected
to be parity-conserving, given that i) the Z°Ay coupling is
related to the nny coupling by SU(3) flavour symmetry
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and ii) the upper limit of the neutron EDM is found to be
extremely small [41]. Hence, the decay asymmetry agy,
defined by the real part of the product of the electric and
magnetic transition dipole moments, should be very close
to zero. The agy is experimentally accessible through the
angle between the photon from the X° — Ay decay and
the proton from the subsequent A — pn~ decay. In Ref.
[26], it was shown that the asymmetries

ABY = aEM 4 oEM (13)

indicates strong CP violation, while

AEM = oM _ oM (14)

indicates C violation. Predictions from the SM of AEY are
of the order 1074, j.e. far below any foreseeable experi-
mental resolution. However, this means that even tiny
signals would indicate physics beyond the SM.

Weak radiative decays, involving transitions between
quark generations s — dy, can be parameterized in a sim-
ilar way as the weak hadronic decays, i.e. in terms of a
decay parameter «,. However, since the photon pseudo-
scalar meson spin are different, the polarization transfer
has a different sign. This means that for unpolarized hyp-
erons, the longitudinal polarization of the daughter bary-
on is —a, in contrast to +ay for a hadronic decay, recall-
ing Fig. 4. Weak radiative decays contain additional com-
plexity due to the involvement of strong, possibly parity
violating processes. According to Hara's theorem , parity
violating amplitudes are predicted to vanish in the limit of
SU3) flavour symmetry, under the assumption that the
weak interaction is CP conserving and only includes left-
handed currents. This implies that the weak radiative de-
cay asymmetry «, would be zero. This is in contrast to
SU(3) breaking where we instead have

2 2
_ms—my

_ , 15
Y m%+m[21 (15)

my and m, being the mass of the strange and down quark,
respectively. Constituent quark masses (m; ~ 500 MeV
and my ~ 330 MeV) yields «, around +0.4 and +0.5. This
is similar to the b — sy transition, where one replaces m
by my,. Since my, > m,, the asymmetry parameter will
then be close to +1. The b — sy transition has put con-
straints on physics beyond the SM that remove the chiral-
ity suppression. In a similar way, it is possible to invest-
igate beyond SM effects in s — dy.

D. Semi-leptonic hyperon decays

Semi-leptonic decays of SU(3) octet hyperons can be

parameterized in terms of four weak form factors, which
in the limit of zero momentum transfer reduces to three:
the vector gy(g?), the axial vector gs(¢°) and the induced
tensor f>(¢*) where ¢* is the momentum transfer squared
from the mother to the daughter hyperon [42, 43]. Since
the momentum transfer in semi-leptonic hyperon decays
is small compared to the baryon masses (¢> — 0), a sys-
tematic expansion can be performed in terms of the sym-
metry breaking parameter J, defined by the mass differ-
ence of the mother and daughter hyperon [44]: 6 = (My,—
My;)/My;. This simplifies significantly the dependence
of the decay rate on the form factors. The ratio between
the vector and axial vector form factors can be written

84(0)
gv(0)

gav = celtw, (16)

The phase ¢4y quantifies the presence of a triple cor-
relation term in the transition probability and a non-zero
value would imply violation of time-reversal invariance
[1]. The phase is accessible for polarized mother and/or
daughter hyperons from the joint angular distribution of
the decay [45]. The form factors from different channels
are connected through the approximate SU(3) flavour
symmetry.

The semi-leptonic hyperon decays from hyperons
produced in e*e” annihilations can be analysed analog-
ous to hadronic hyperon decays (see Fig. 3) where the
scalar particle is replaced by the off-shell gauge boson
W~ decaying into an electron-neutrino pair. The study of
joint angular distributions typically require large data
samples (N > 1000). Since semi-leptonic hyperon decays
are typically rare compared to hadronic ones, it is chal-
lenging to collect the samples necessary for polarization
studies. However, also for the modest samples it is pos-
sible to gain valuable insights, for example by construct-
ing CP tests from the semi-leptonic decay rates of hyper-
ons and antihyperons:

ASLW _ (Y, - Yal™v)
CP =T o i~
F(Y] - Yzl V[)

(17

or

SLW _ BR(Y| — Yzlfl_/l)—BR(Yl - YzlJrV[)
P T BR(Y; — Yol %) +BR(Y; — Naltv)’

(18)

Furthermore, it is straight-forward to construct a test on
lepton universality from the ratio

(Y1 - Yo v,

R, =
KT T(Y) > Yaev,)

(19)
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of different lepton decay channels.
V. EXPERIMENTAL STATUS

A. Hyperon structure

Electromagnetic properties of hadrons have been
studied in electron-hadron scattering ever since the 1950s
[46] which has led to important insights on the structure
and size of the proton [12, 13, 47, 48] and to some extent
also the neutron [9, 8]. Due to experimental challenges,
corresponding progress for hyperons is yet to come: so
far, the only existing charge radius measurement is for
the =~ hyperon [10]. However, the advent of modern,
high-intensity e*e~ colliders, has ignited a veritable re-
volution for hyperon structure measurements.

1. Effective form factor

The BaBar experiment carried out a pioneering meas-
urement of the A and X° form factors and the X°A trans-
ition form factor by exploiting Initial State Radiation
(ISR) on a 230 fb~!' sample collected at the bottomium
resonance T(4S) [49]. Though the resulting hyperon-anti-
hyperon samples were small, they were sufficient to ex-
tract the energy dependence of the cross section and the
corresponding effective form factor. The CLEO-c experi-
ment studied A, X, = and Q production in the ete™ — YV
reaction [50, 51] at energies corresponding to masses of
the charmonium resonances W¥(3686), Y¥(3770) and
Y(4170). The results indicated the importance of diquark
correlations [52]. However, the interpretation in terms of
electromagnetic form factors rely on the assumption that
the YY pair production is dominated by one-photon ex-
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Fig. S.

change (ete™ — y* — Y¥) with a negligible contribution
from charmonium decay (ete” — ¥ — YY). This is in
contrast to a recent measurement from the BESIII collab-
oration [53], that shows that the branching fraction of the
decay W(3770) — AA is at least an order of magnitude
larger than the prediction used in the CLEO-c papers [50,
51]. Furthermore, the BESIII results indicate that also
other charmonium resonances have a significant impact
on the YY production. This, however, implies that hyper-
on-antihyperon production in the vicinity of vector char-
monium resonances can be utilized for getting deeper in-
sights into the properties of these resonances [54].

Dedicated energy scan campaigns by BESIII have en-
abled increased precision in effective form factor meas-
urements for the full spin 1/2 octet. A low-energy scan
near the AA threshold revealed an unexpected enhance-
ment, resembling a cusp or a peak [55]. Vector meson
dominance, in particular with strong influence by the
#(2170), has been suggested as an explanation [56, 57].
Pioneering measurements have also been achieved for £*
[58], =0 [59], = [60, 61] and Z° [62]. The production
cross sections of these hyperons in the ete™ — YY pro-
cess from all BESIII measurements, are summarized in
the left panel of Fig. 5. These results allow for a system-
atic analysis of the Geg behaviour, similarly to what has
recently been done for protons [63—65] and neutrons [9].
It has been found [66, 67] that for nucleons, the effective
form factor can be parameterised according to

Get(q®) = Gp(g?) + Gosc(g?), (20)

where Gp(g?) is a dipole function and G (¢?) describes

® ABESIII e n"BESII

O n’SND

x° BESII

O A BaBar
fit n° with SND data

0.05

T'BaBar  — == it o without SND data
® = BESII

l

-010 , . .
2 3 4
Is (GeV)

(color online) Left: The ete™ — YY cross sections, measured by the BESIII experiment for different ground-state hyperons, as

a function of the velocity f. Right: The effective form factor, after subtracting the dipole term, for neutral baryons studied by BaBar,
BESIII and SND experiments, as a function of the square root of the ete~ CMS energy. The solid curve represents the fit to BESIII

neutron data and the dashed a ft to BESIII and SND data.

052002-8



Production and decay of polarized hyperon-antihyperon pairs

Chin. Phys. C 47, 052002 (2023)

oscillations that are periodic in either ¢* or the relative
momentum between the nucleon and antinucleon, p. The
oscillations of the proton and neutron form factors have
different amplitude and phase, but the same period [9]
and have been attributed to nucleon-antinucleon rescatter-
ing into an intermediate hadron-antihadron state. In a re-
cent paper [68], the G.x was analysed for neutral octet
baryons n,A,X° and Z° using all available data. The study
indicated a universal behaviour where G,.(¢?) can be
parameterized with a common phase and amplitude, as
indicated with a red dashed line in the right panel of
Fig. 5. However, their conclusion is not supported by new
low-¢*> neutron form factor from the SND experiment
[69]. Fitting the oscillation model to both BESIII and
SND neutron data results in a significantly lower oscilla-
tion frequency than that of the proton. The question re-
mains if the observed oscillations in baryon form factors
follow a pattern that can be explained within e.g. SU(3)
symmetry and hence have a common origin, or if they are
accidental.

The structure of the charm baryon A} has been stud-
ied by the Belle experiment using the ISR method [70]
and by BESIII in an energy scan [71]. The Belle data re-
vealed a peaking cross section near threshold, in contrast
to BESIII where a plateau was seen. However, it should
be pointed out that the differences between Belle and BE-
SIII are within the experimental uncertainties. Attempts
have been made to understand the threshold behaviour of
the cross section in terms of vector charmonium reson-
ances [72, 73] and final state interactions [74].

The cross section of Q™ production in e*e™ — Q- Q*
has been studied in a recent analysis of energy scan data
from BESIII [75]. Having spin 3/2, the Q- effective form
factor is interpreted as a linear combination of the elec-
tric, magnetic, quadrupole and octupole form factors [76].
The energy dependence is, within the uncertainties, con-
sistent with the prediction from perturbative QCD and
from Ref. [76].

2. Separation of electric and magnetic form factors

The energy scan campaigns carried out by BESIII in-
cluded particularly large data samples at 2.396 GeV, 2.64
GeV, 2.9 GeV, 4.57 GeV and 4.59 GeV. Using either
double-tag (ete” — YY) or single-tag (ete” — YX or
ete” — YX, where X refers to an unmeasured hyperon)
selection, sufficiently many events were found to recon-
struct the hyperon scattering angle distribution. This en-
abled a separation of the electric and the magnetic form
factors for A [77], =* [58] and A} [71], as summarized in
Fig. 6. For A and A}, the Gg/Gy ratio was found to be
close to unity near threshold, whereas for the **, it was
found to be significantly larger near threshold while ap-
proaching unity at larger energies.

The large sample at 2.396 GeV, in combination with

= 4T 71 T T 1
QUJ r IG/Gyl=1
S * ABESIII
3__ o A BaBar
I « =+ BESIII
i o A;BESIII
2_

—_—

—
A
.
——
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I R R P B

8 0 0.2 0.4 0.6 0.8
B=\/1-4M2ss

Fig. 6. (color online) The |Gg/Gy| of A, £t and A} hyper-

ons as a function of the velocity f. The filled dots represent
data from BESIII and the open dots BaBar.

the relatively large e*e™ — AA cross section at this en-
ergy, resulted in more than 500 exclusively reconstructed
A — pn~,A — pn* events. This gave access to the joint
angular distribution of the production and decays from
which the relative phase A® between Gg amd G, could
be extracted. Hence, the time-like form factors could be
unambiguously determined for the first time for any bary-
on — a complete snapshot from its time evolution [77].
This measurement gave rise to theory activity world-wide
[54, 68, 78—84,]. In particular, a new method was out-
lined which allows for the extraction of the charge radius
squared (r?) from polarization measurements [18]. Com-
bining the R measurement from BESIII and BaBar with
the A® measurement from BESIII, a first calculation of
(r*) was carried out. However, since A® is only meas-
ured at one energy, the result turned out to be ambiguous
and six different solutions were presented. Phase meas-
urements in a broader energy range will be helpful in pin-
pointing the charge radius squared for the first time for a
neutral hyperon.

3. Hyperon production at vector charmonia

The large data samples collected by BESIII at char-
monium resonances such as J/¥, ¥(3686) and ¥(3770)
allow for a very precise determination of the psionic form
factor phase A®y and the angular distribution parameter
ay, as shown in Table 1. It is found that Ady varies sub-
stantially between resonances and hyperon types. Sum-
marising the results, we note that

e The X* phase is negative at the J/¥ resonance [85]
while positive for A [86] and =~ [87].

e The X* phase changes sign when going from the
J/¥ to the Y(3686) [85].
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Table 1. Properties of the ete~ — J/y — BB decays to the pairs of ground-state octet hyperons.

Final state B(x10™%) @y A®/rad Ref.
JIy — AN 19.43+0.03+0.33 0.4748 +0.0022 +0.0031 0.7521 +0.0042 +0.0066 [90,91]
¥(3686) —» AA 3.97+0.02+0.12 0.82+0.08 +0.02 - [90]
¥(3770) > AA >0.024 (90% CL) 0.85012 +£0.02 1.24* 145 £0.09 [53,92]
JIy —TE" 10.61+0.04 +0.36 —0.508 +0.006 +0.004 ~0.270+0.012 +0.009 [93,85]
W(3686) - TTE- 2.52+0.04+0.09 0.682+0.030+0.011 0.379+0.070+0.014 [93,85]
Y(3686) —» AX0 0.0160+0.0031 +0.0059 - - [94]
Jly — =73t - - - -
W(3686) - =T+ 2.82+0.04+0.08 0.96+0.09+0.03 - [89]
Jjp — 0% 11.64£0.04+0.23 —0.449 +£0.020+0.008 - [90]
W(3686) — LT 2.44+0.03£0.11 0.71£0.11+0.04 - [90]
J/y — 200 11.65+0.04+0.43 0.66+0.03+0.05 - [95]
¥(3686) — 20=0 2.73+0.03+0.13 0.65+0.09+0.14 - [95]
Jy - EE 10.40+0.06 +0.74 0.586+0.012+0.010 1.213£0.046 +0.016 [96,87]
¥(3686) - =" E* 2.78+0.05+0.14 0.693 +0.048 +0.049 0.667 £0.111+0.058 [96,88]

e The phase of =~ is significantly larger at J/¥ [87]
compared to at W(3686) [88].

e The angular distribution parameter ay of the
¥(3686) — =X decay is significantly larger for = com-
pared to * and X° [89].

The interpretation of psionic form factors is still a
matter of discussion, but the possibility to perform preci-
sion measurements calls for a theory framework in which
the relation between psionic form factors and charmoni-
um decay is outlined. Hopefully, this could provide a
helpful tool to understand the properties of vector char-
monia and their coupling to baryon-antibaryon states.

B. Hadronic hyperon decays

1. Single-strange hyperon decays

Searches for CP violation in the hadronic A — pr~
and A — pr* have been carried out since the mid-1980s.
The first was performed at the CERN Intersecting Stor-
age Rings in the reactions pp — AX and pp — AX [97].
From the measured asP, and a;Pjx, where P is the po-
larization, the quantity asPa/a ;P was defined. Assum-
ing P = Pj, this quantity should be 1 when CP is con-
served. However, it is straight-forward to construct a CP
test similar to Eq. (6)

op AAPA+airPR  ap+aj
cp= ~ :

21)

apPp—az Py ap—-aji

The approximately 10* events yielded the result

Acp=0.02+0.14. The DM2 collaboration measured the
Acp using the J/¥ — AA process, however overlooking
the possibility that the A may be polarized. As a result,
terms in the joint angular distribution that are sensitive to
ap/ay differences cancel when being integrated over
[98]. The PS185 collaboration at LEAR, CERN, provided
the first essentially model-independent CP test by using
the pp — AA reaction and studying the quantity defined
in Eq. (21) as a function of the A scattering angle. This,
in combination with the large data sample, 96-10° ex-
clusively reconstructed AA events, resulted in a signific-
antly improved precision [99] that remained unchal-
lenged for more than 20 years.

The large J/¥ samples from the BESIII collaboration
— 1.3-10°J/¥ during 2009 and 2012 and 10'°J/¥ during
2018 and 2019 — started a new era in the search for CP
violation in baryon decays. First, the 2009 and 2012 data
resulted in ~42-10* exclusively reconstructed AA —
pr~prt events [86] and ~ 88-10° Z*E~ — pn’pn° events
[85]. This enabled the most precise A CP test so far and
the first CP test for X*. In addition, the asymmetry para-
meter of the A — in’ was measured for the first time
[86]. A remarkable finding in the A — pn~ decay study
was that the asymmetry parameter was found to be 17%
larger than the previous world average, mainly based on
proton polarimeter experiments in the 1970s. A re-analys-
is of CLAS data [100] revealed a value more consistent
with that obtained by BESIII than the old world average.
The Particle Data Group [1] has now abandoned the old
measurements in favour of a world-average based on
Refs. [86] and [100]. A recent study of the J/¥ — Z~E+ —
An~Arn™ — prn prtrt provided an independent meas-
urement of @, az and Acp, consistent with previous res-
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ap

(color online) Asymmetry parameter values as from the PDG from 2018 [101] and from new measurements by BESIII [86,

87, 91], CLAS [100] and LHCb [102]. The PDG-2018 value is based on polarimeter measurements from the 1960s and 1970s. In the
new BESIII measurements, the average value (@p) = (@a —@a)/2 is displayed. The * and ** denote the 2009-2012 and 2009-2019 J/y

samples, respectively.

ults from BESIII. The recent @, measurements, as well
as the previous PDG world average from older experi-
ments, are summarised in Fig. 7.

The precision of the @, measurement from
~73-1032"E* [87] decays is about the same as the one
achieved from the almost one order of magnitude larger
J/¥ — AA sample [86]. This is because A hyperons from
=~ decays have a larger degree of polarization than A
hyperons from J/¥ decays. Furthermore, A hyperons
from a sequential decay can be polarized in several direc-
tions while those from a decaying J/¥ can only be polar-
ized along the production plane.

Even more recently, the full 10'°J/¥ sample, includ-
ing 3-10° exclusively reconstructed AA decays, has been
analyzed for the purpose of achieving a high-precision
CP test. The A — prn~ decay asymmetry was found to be
consistent with the previous measurement and the preci-
sion of Acp is the most precise so far: 0.0025+
0.0046 +£0.0012.

2. Double-strange hyperon decays

Sequential decays of multi-strange and charmed hyp-
erons give, in addition to the decay asymmetry ay, also
access to f§ and y or ¢ (see section IV.B.2). The studies of
these parameters are not limited to exclusive, double-tag
YY measurements but can also be studied when it is only
possible to reconstruct either the hyperon decay chain or
the antihyperon ditto, i.e. using the single-tag approach.

The world data bank [1] of the Z° and Z~ hyperons is
dominated by experiments of polarized or unpolarized
secondary hyperon beams. Many of these apply the form-
alism in Eq. (11). The most precise measurement of the
amap was achieved by the NA48 experiment at CERN
[103]. The ¢z¢ parameter was measured with large uncer-

tainties at various experiments [104—106].

The E756 collaboration at Fermilab achieved the best
precision so far of the @z-a, product and also measured
the A, defined in Eq. (12) for the first time [107].
Thanks to a dedicated measurement, the HyperCP collab-
oration improved the precision of AZL, and their measure-
ment is the most precise so far: (0.0+5.1+4.4)x107*
[108].

By studying the joint angular distribution of polar-
ized E- hyperons, the E756 [109] and HyperCP [110]
collaborations also measured the ¢z parameter, from
which the strong phase difference (6p — §s ) was extracted.
These two measurements implied a significant improve-
ment of the world data bank [104—-106, 111-114]. Indeed,
the (6p—ds) was found to be very small, showing that
even a CP violating weak phase would be difficult to de-
tect from Acp using Eq. (7).

A recent measurement from BESIII demonstrates the
merits of polarized, entangled and sequentially decaying
hyperon-antihyperon pairs [90]. The full process e*e™ —
EEY, 2" > An, A—> pn +cc. was studied using
~73-10° exclusively reconstructed, or double-tagged,
Z-Z* pairs identified from a sample of 1.3-10°J/¥. The
asymmetries AZ, and A2, were determined separately.
From Ag¢=, the weak phase difference &p—&s has been
determined for the first time in a direct measurement. The
result, (¢ép—&s)=(1.2+3.4+0.8)-107% rad, is consistent
with CP conservation. It is also noteworthy that the
strong phase difference §p — 65 was measured with a sim-
ilar precision as the one achieved by HyperCP [110] des-
pite the 2000 times larger data sample from HyperCP.
The excellent sensitivity achieved by the BESIII method
can be attributed to the fact that the clean, well-known
production process and the subsequent decays can be
treated in a model-independent way: all angles are meas-
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ured and no information is integrated out from the differ-
ential cross sections. Hence, all quantum correlations
between the hyperon and the antihyperons, and their de-
cay products, are taken into account, as well as the polar-
ization transfer in multiple directions from the mother =~
to the daughter A hyperon. Extending this analysis to the
eight times larger data sample collected in 2018 and 2019
will further improve the precision and enable comparison
with theory calculations of the strong phase from e.g.
[115].

3. Triple-strange hyperon decays

The triple-strange Q- hyperon should, according to
the quark model, have spin 3/2. However, this was not
empirically well-established until recently; the first meas-
urements from SPS at CERN [116, 117] were based on
very small data samples and therefore very simplified an-
gular distributions. In a later measurement by BaBar, Q~
hyperons were studied in Q. and E. decays and the con-
clusions relied on assumptions of the helicity of the moth-
er baryons [118]. Recently, the BESIII collaboration ap-
plied the model-independent formalism outlined in Ref.
[35] on single-tagged Q™ - AK ,A—-pn- and
Q* - AK*,A — pr* from the e*e” — P(3686) — Q~QF
reaction. The sample contained = 450-10°¥(3686)
events, including 2507 Q- and 2238 Q* candidates. Two
hypotheses were tested: Q- having either spin 1/2 or 3/2.
The spin 3/2 turned out to be favoured over the spin 1/2
hypothesis by 140 [119], which is the most precise, mod-
el-independent spin test for the Q~ hyperon so far. This
validates not only the quark model but also the results
based upon its validity. In addition, the decay asymmetry
parameter ¢q was measured for the first time.

In the past, the decay asymmetries of the decays
QO 5 AK, QO - 2% and Q- — E-2° have been stud-
ied with a secondary hyperon beam at CERN [120]. More
recently, the HyperCP experiment measured the decay
asymmetry of Q~ — AK~ and Q- — AK* and the CP
asymmetry Acp. The HyperCP employed a secondary Q
beam produced in pCu collisions and since all Q hyper-
ons were selected to be collinear with the proton beam,
they were unpolarized. This enabled the measurement of
the aqaa and agaj products. By combining these quant-
ities with @, and ey from other measurements, it was
concluded that the Q- — AK~ decay conserve parity al-
most completely. Their measured values of Acp as
defined by Eq. (6) and the effective asymmetry Aecﬁ; by
Eq. (12) were both found to be consistent with CP con-
servation.

4. Charm hyperon decays

Charm hyperons can decay into many different final
states and as a consequence, the branching fraction of

each channel is small. Therefore, charm hyperon decays
are almost exclusively studied using the single-tag ap-
proach.

Most measurements of the A} decay parameters, by
e.g. ARGUS [121], CLEO [122, 123] and FOCUS [124]
collaborations only consider the angular distribution of
the final state hadron, i.e. not the joint decay of the multi-
step process. This means that the decay asymmetry ax,
can be retrieved, but not f and y/¢. In addition, the res-
ults rely on a precise knowledge of the decay parameter
of the hyperon in the second step, for example A or X*.
Nevertheless, the FOCUS collaboration performed the
first CP test for a charmed baryon, by measuring Acp for
the A7 — An* decay to be 0.07+0.19+0.24.

In a recent BESIII measurement, based on 0.5 fb~! at
a ete”™ CMS energy of 4.6 GeV, we presented a proof-of-
concept for measuring the decay parameter @, _, and for
the first time also 85 and ya_, of the A} decay into An*,
7% and %7+ [125], all containing hyperons that decay
subsequently. In addition, as of the Al — pKs was
measured for the first time, though with large uncertain-
ties. Due to limited sample size, it was assumed that
ap, =-—ag ie CP symmetry. The BESIII collaboration
has also carried out the first model-independent experi-
mental determination of the A} spin. The analysis com-
bined several sequential two-body decay chains and
found that the spin 1/2 hypothesis was favoured over the
spin 3/2 hypothesis by more than 60 [126].

The most precise measurements of @, for several
two-body decays have been achieved by the Belle experi-
ment in the e*e™ - AfX +c.c. reaction [127]. The CP
asymmetry Acp has been calculated and though the stat-
istical precision is comparable to that of strange hyperon
decays, the total uncertainty is dominated by the system-
atics. The Belle [128, 129] and CLEO [130] experiments
have also measured the az_of several Z0 decays.

C. Radiative hyperon decays

From Hara's theorem [27] and from the breaking of
SU(3) symmetry in the quark model, on expects a posit-
ive value of the weak radiative decay parameter «, for
decays involving s — d transitions. One example of such
a decay is * — py. Therefore, it came as a surprise when
several experiments reported a large and negative value
[131-134]. Other experiments reported similar values for
the 2 — Ay and Z° — 2%y decay [135, 136, 103], in dis-
agreement with older measurements [137, 138]. The dis-
crepancy between theory predictions and experimental
results sparked wide interests and various solutions to the
puzzle were proposed [139-142]. It has been suggested
that the A — ny can provide further insights [143, 144]: if
positive, it indicates a violation of Hara's theorem.

Polarized and entangled hyperon-antihyperon pairs
from vector charmonium decays have the advantage that
the polarization of the hyperon (antihyperon) can be
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measured with high precision if one considers the "leg" of
the reaction where a hyperon (antihyperon) decays into a
two-body hadronic final state. A simultaneous measure-
ment of the other radiative weak decay "leg" of the anti-
hyperon (hyperon) will then also be precise, thanks to
constrained production parameters such as the polariza-
tion and spin correlations. This has been demonstrated in
a recent study by the world-record data sample of
10'°J/¥ decays from BESIII. These data contain an ap-
preciable fraction of J/¥ — AA,A — ny,A — pr*+c.c.
events that can be exclusively reconstructed. The large
transverse polarization of A [86] enabled the first determ-
ination of the decay parameter @, of A —ny. It was
found to be —0.16+0.104;. +0.054. [145], indicating
that Hara’s theorem still holds for hyperon radiative de-
cays. The results provide essential input to constrain the
amplitudes of parity violation contribution in theoretical
calculations, and can be used to validate the predictions
and constrain the parameters of the various theoretical
models [146—148]. Recent calculations based on Chiral
Perturbation Theory are in good agreement with the BE-
SIII data [146].

D. Semi-leptonic hyperon decays

The small branching ratios and the immense diffi-
culty in detecting neutrinos make the study of semi-
leptonic hyperon decays a challenging task. On the one
hand, a semi-leptonic decay can be identified also without
the neutrino thanks to the special characteristic of a three-
body decay compared to the more abundant two-body
hadronic decays. On the other hand, the angular analyses
from which the physics is revealed, require all other
particles in the decay to be accurately reconstructed. Nev-
ertheless, experiments with polarized beams made pion-
eering measurements of A — pe”v, in the 1970s
[149—156], though with relatively modest sample sizes.
Later measurements offered larger samples [157— 159]
and enabled measurements of the axial vector form factor
ratio ga/gy for A [1]. More recently, the KTeV
[160— 162] and NA48 [163, 164] collaborations have
studied the decay Z° — X*e~¥,, providing the form factor
ratios g1(0)/f1(0) and f>(0)/f1(0). In addition, the KTeV
measured g,(0)/11(0).

Semi-leptonic decays provide an independent way of
measuring the CKM matrix element |V,|, in addition to

kaon and t decays. The current world-average of
0.2243 £0.0008 is essentially calculated from K — niv(y)
and K — pv(y) decays [1]. Combining all available data
on semi-leptonic hyperon decays provide comparable
precision as for kaon decays and can thereby further im-
prove the precision of the average. The fit of previous
measurements of semi-leptonic hyperon decays yields
[Vius| = 0.2250 £ 0.0027 [42]. Further theoretical and exper-
imental progress should improve the precision in the
semi-leptonic hyperon decays.

The abundant production of polarized hyperons and
antihyperons in the BESIII experiment, in combination
with the versatile and near 4z detector, enables a new
generation of semi-leptonic hyperon decay studies. Re-
cent measurements have been carried out of decays such
as A — pu~v, [165] and Z* — Ae*v, [166]. In the latter
study, the CP asymmetry defined in Eq. (17) was meas-
ured for the first time. Furthermore, searches have been
performed for the expectedly rare 2~ — Z%~¥, [167] and
20 - X e*y, [168] decays. The results from the BESIII
semi-leptonic studies are summarised in Table 2.

All aforementioned results are obtained by analyzing
only the semi-leptonic decay itself, i.e. not considering
the production process. The ability of the BESIII experi-
ment to reconstruct the complete YY pair and its sub-
sequent hadronic and semi-leptonic decays, opens up for
a new method where the production is taken into account.
The method outlined in Ref. [35] can be generalized to
describe the joint angular distributions [169]. It allows for
the extraction of spin correlations and polarization of the
produced hyperon-antihyperon system which improves
the precision of the semi-leptonic decay parameters Eq.
(16).

A data collection campaign during 2019-2021, where
4.5 fb~! of data were collected between 4.6 GeV and 4.7
GeV, enabled a pioneering study of the differential decay
rate and weak form factors of the semi-leptonic charm de-
cay Al — Ae*v, [170]. The results were compared to pre-
dictions from lattice QCD calculations [171]. By combin-
ing the measured branching fraction, the life-time 7, and
the ¢’-integrated rate predicted by lattice QCD, the mat-
rix element |V,.| was determined to be |V | =0.936+
0.0178 +0.024gcp +0.007,, . The semi-leptonic A} de-
cay measurement provides an important consistency test
for the SM and a probe for physics beyond the SM, com-

Table 2. BRs measurement of semi-leptonic hyperon decays in the e*e™ — J/y — YY decays at BESIIIL The data statistics are 10'0J/y
events.
YY pair Final state B(x1074) NSLW Rye AW Ref.
Jly — AN A — puvy 1.48+£0.21+£0.08 64+9 0.178 £0.028 [165]
Iy —EE E - 2%y, <2.59(90%) - [167]
Jjy — 20 20 5 T ety, < 1.6(90%) - [168]
Jy — =2 Tt > Aetv, 293+74+13 16+4 1.06+0.28 [166]
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plementary to D meson analyses [172, 173].

Searches for violations of lepton flavour universality
in hyperon decays have been studied in the numerous
hyperon beam experiment in the 1970s [174—177]. The
most precise measurement was performed in 1972 [177]
and was reported as a relative I'(A — pu™v,)/T(A — Nn) =
(1.4+0.5)-10™* based on 14 signal events which were se-
lected from about 6-10° bubble chamber pictures. The
current world average of the observable R,., defined in
Eq. (19), is 0.189+0.041 for A [1]. The large experiment-
al uncertainty is dominated by the B(A — pu~v,). Re-
cently, the BESIII collaboration [165] reported a value of
0.178 £0.028 based on 31 signal events obtained from the
10'°7/y sample. All results so far are consistent with the
SM prediction, obtained at next-to-leading order, of
0.153 +£0.008 [28]. A more accurate measurement of R,
will provide a more stringent test of lepton flavour uni-
versality.

VI. DISCUSSION

The abundant production of polarized and entangled
hyperon-antihyperon pairs in the BESIII experiment has
paved the way for a new generation of measurements on
structure and symmetry. In the following, we will sum-
marise the recent findings and formulate the next steps in
the future roadmap of hyperon physics.

What is the origin of the oscillatory features of the
form factors (effective form factor, Gg/G) ratio and
magnetic form factor) observed for protons, nucleons and
possibly also hyperons? The first comparison between
protons [65] and neutrons [9] indicated oscillations with a
common frequency, a behaviour that possibly carries over
to strange hyperons. However, a recent measurement by
the SND [69] instead reveals a smaller frequency for
neutrons which raises the question of whether the ob-
served oscillatory patterns are only similar by accident or
if they indeed have a common origin. Mapping the form
factors over a broad energy range for the complete spin
1/2 octet would be very illuminating and can help find an
answer to this question. Data for such measurements can
either be obtained in dedicated energy scans with the BE-
SIII experiment or by utilizing the technique of initial
state radiation (ISR) [178] on data collected at charmoni-
um or bottomium resonances with the BESIII (charmoni-
um) and Belle II (bottomium) experiments.

How well can we understand the structure of hyper-
ons on the femtometer scale? Can we extract space-like
quantities using time-like measurements? A recent pub-
lication [18] outlines a method to quantitatively relate the
experimentally accessible time-like region to space-like
properties, such as the charge radius, from the energy de-
pendence of the form factor phase. So far, the only exist-
ing conclusive, off-resonance form factor phase measure-
ment is for the A hyperon [77]. This corresponds to a

"snapshot" of the time evolution of the hyperon-antihyp-
eron pair. The energy dependence of the phase yields a
sequence of such snapshots, from which the space-like
structure can be revealed. Corresponding measurements
for the full SU(3) octet or even to charm hyperons, can
reveal patterns from which we will gain a deeper under-
standing of the complex dynamics that bind quarks into
hadrons.

At e*e” collision energies that coincide with vector
charmonia such as J/Y¥, ¥(3686) and ¥(3770), large data
samples are available from the BESIII experiment. This
has enabled very precise measurements of the so-called
psionic form factors [19]. However, it is yet an open
question how to interpret these form factors and what
they can reveal about the decaying charmonium reson-
ance. In particular, the close connection between the form
factors and polarization could be helpful in understand-
ing the role of spin in charmonium decay processes.
However, in order to optimize the output from the high-
precision data, the measured parameters need a quantitat-
ive foundation in the form of a phenomenological model.
An increased exchange between the experimental collab-
orations and the theory community can lead to new ideas
and help exploiting the richness of the hyperon-antihyper-
on decay distributions.

The abundant production of hyperon-antihyperon
pairs whose decays constitute a hunting-ground for CP
violation, is complementary to that of e.g. the ¢ and €
parameters in kaon decays. This is particularly true in the
search for BSM physics, since many such models which
involve an enhanced parity-even gluon dipole operator
that does not contribute to €. Parameters such as Acp and
(ép—&s) are sensitive to both parity-odd and parity-even
operators and can hence be non-zero even if € is vanish-
ingly small. For several observables, the CP violating sig-
nal is expected to be up to two orders of magnitude lar-
ger for certain classes of models beyond the SM com-
pared to the SM [40, 179—182]. More precise CP tests
will hence provide constraints for BSM models and guid-
ance for future theoretical efforts. In addition, increased
precision in the measurement of e.g. strong phases will be
helpful in theory calculations of weak phases. One ex-
ample is the X decay in Ref. [40] for which the theory un-
certainty of the weak phase is ~200%. New, precise
measurements of the decay amplitudes of various hyper-
ons will increase the precision of the predictions from
theory. But how precise measurements are possible?

Recent measurements from the BESIII experiment,
exploiting the polarization and spin correlations, provide
increased precision for a given sample size [87] com-
pared to techniques based on polarized beams of second-
ary hyperons [110]. In particular, sequentially decaying
multi-strange and charmed baryons offer a way to separ-
ate strong and weak contributions to the decay amplitude,
giving clean access to CP-violating signals. In Fig. 8, the
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Fig. 8.

(color online) CP symmetry tests from Refs. [86, 93, 87, 91, 108, 128, 127]. The J/y — AA (1) and J/y » E ' — Ax~Ar* (2)

from BESIII have both been used to determine Acp for A — pn~. The asterisks * and ** denote the 2009-2012 and 2009-2019 J/y
samples, respectively. In the sequential decay from HyperCP, the effective asymmetry AST,, defined in Eq. (12), was measured.

CP asymmetry Acp is shown for a number of hyperon de-
cays. Though many of these are very precise, it is not suf-
ficient to test the aforementioned theoretical predictions.
In fact, the precision required is out of reach with cur-
rently available data samples. The ongoing campaign of
collecting 50 ab~! of data with Belle II, as well as the
planned next-generation facilities PANDA and STCF will
extend the current data bank with at least two orders of
magnitude. Experiments with polarized electron-positron
beams can further increase the precision [183].

With current facilities such as BESIII and Belle 1I,
methods based on entangled hyperon-antihyperon pairs
are in principle only possible to apply to strange hyper-
ons. Charmed baryons decay into a large number of final
states, all with relatively small branching fractions (at
percent level or smaller). The recent single-tag measure-
ments by Belle II of A} and Z? decays have in some
cases a precision approaching that of strange hyperons.
However, a limiting factor is the systematic uncertainties.
This may be partly attributed to the method in which the
polarization of the initial and intermediate baryons in the
chain Y| — YoM| — Y3sM M, — ... are integrated out. The
ongoing Belle II campaign, where up to 50 ab~! of data
will be collected, opens up for methods in which the rich-
ness of the joint sequential angular distribution can be ex-
ploited to its fullest [4]. This can potentially improve the
precision of charmed baryon decay parameters.

The large transverse polarization of hyperons such as
A, Z* and = produced in vector charmonium decays,
open up for precision studies of decay parameters in
weak, radiative Y; — Y,y decays. These decays provide a
tool to understand the elementary process s — dy in a
way that is complementary to radiative kaon decays,
which in turn serve as guidance in the search for physics
beyond the SM [146, 147].

Due to the small branching fractions, the semi-lepton-

ic data samples are small. As a consequence, the focus of
semi-leptonic studies being put on observables based on
decay widths rather than angular distributions and polar-
ization. Large samples from ongoing campaigns or future
facilities can be a game-changer in this regard, and lead
to substantial advances.

VII. FUTURE PROSPECTS

In the following, we will discuss the existing facilit-
ies BESIII and Belle II, as well as the planned PANDA
and STCF, where polarized and entangled hyperon-anti-
hyperon pairs can be studied.

A. Existing facilities

1. BESII at BEPCII

Data from the energy scan performed by BESIII in
2014-2015 have resulted in several pioneering hyperon
structure measurements so far [77, 59, 58], but the story
does not end here. Several analyses of these data are still
ongoing and the results will be published soon. These
studies include A and X* form factor phase measure-
ments at several energies.

A campaign to collect 20 fb~! data at the W(3770),
would enable precision studies of all the SU(3) octet hyp-
erons using the ISR technique. Furthermore, a dedicated
campaign has been carried out between CMS energies of
4.6 GeV and 4.95 GeV, with the purpose of a precision
measurement of the ¢*> dependence of the A} form
factors.

At the time of this review, the most precise A CP test
so far has emerged from the world-record data sample of
10'° events. However, data from the same sample are be-
ing analysed for high-precision CP tests in X0, £+, 5~
and Z° decays. Since most of these hyperons decay into
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an intermediate A, each of these studies will provide an
independent measurements of the a, parameter. In addi-
tion, this and future BESIII samples will enable searches
for rare hyperon decays with unprecedented precision. In
addition to the aforementioned radiative and semi-lepton-
ic decays, it is possible to search for rare or forbidden
processes, for example those involving flavour changing
neutral currents.

The physics potential of BESIII will reach a new level
with a planned upgrade of the BEPCII collider to a max-
imum beam energy of 2.8 GeV. This corresponds to a
CMS energy of 5.6 GeV where the peak luminosity will
be increased by a factor of three compared to what is pos-
sible at CMS energies below 4.0 GeV. As a result, BE-
SHI will offer a great opportunity to study the production
and structure of various charmed baryons, as well as their
decay properties. In the left panel of Fig. 9, the integ-
rated luminosities previous and planned data campaigns
are summarized.

2. Belle Il at SuperKEKB

The goal of the ongoing campaign with the Belle II
experiment at SuperKEKB in Japan [184] is to collect in
total 50 ab~! of data in the bottomium region, with an in-
termediate milestone of 10 ab~!. This enables high-preci-
sion structure studies of strange and charmed hyperons
through the ISR technique: although the radiator function
in the ISR cross section results in a reduced effective lu-
minosity (see right panel of Fig. 9). The huge integrated
luminosity will eventually outperform other off-reson-
ance samples from other e*e™ colliders.

The Belle II and its predecessor Belle have, with the
data already on tape, performed pioneering measure-
ments of charmed baryon decay asymmetry parameters,
as well as CP tests. New data have been and are being
collected by Belle II and can provide better statistical pre-
cision. In addition, larger samples enable studies of more

o L
3 104 L e Around the peak of
| E Scan at low CME
a— E * Scan at high CME
E 103_ XYZ scan
107 £
105— S ING I
2.0 25 3.0 3.5 4.0 4.5 5.0
s (GeV)
Fig. 9.

complete decay chains, exploiting the richness of the an-
gular distributions. This could reduce the systematic un-
certainties which currently dominate the total uncertainty.

B. Future facilities

The methods developed for hyperon-antihyperon
pairs provide sensitive CP tests, but are currently limited
by statistical precision. Improving the uncertainties by
several orders of magnitude is not feasible with currently
operating facilities world-wide, but requires next-genera-
tion experiments where polarized and entangled/
quantum-correlated hyperon-antihyperon pairs are pro-
duced in abundance. The PANDA experiment at FAIR,
Germany and the proposed STCF at USTC, China are
two excellent candidates which will be presented in the
following.

1. PANDA

The future experiment antiProton ANihilation at
DArmstadt (PANDA) will produce hyperon-antihyperon
pairs in abundance, thanks to the expected large produc-
tion cross section in pp annihilations and the large lumin-
osities enabled by the stored antiproton beam. The latter
will be delivered from the High Energy Storage Ring
(HESR) within a momentum range from 1.5 GeV/c up to
15 GeV/c and impinge on a hydrogen cluster or pellet tar-
get. During the first phase of operation, Phase One [185],
the HESR will provide a luminosity of ~ 10°! ¢cm?s™!
whilst the design luminosity of ~2-10%> cm?s~! will be
achieved during Phase Three. Since PANDA will cover
nearly 47 of the solid angle, the prerequisites for exclus-
ive reconstruction of hyperon-antihyperon pairs and their
subsequent decays are well fulfilled. This has been
demonstrated by simulation studies in for example Refs.
[186, 185], summarised in Table 3. We conclude that
PANDA, already during the first phase of operation, will

< 3.9 —
() L 7
= 25F *Bellell 50 ab //:
© r ]
; ook * Bellell 10 ab™ E
£ ]
£ 15f e 1
=) E ]
- 10- // B
N =l ]
0.5F =
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(color online) Left: The integrated luminosity collected with BESIII at BEPCII till 2024, as a function of the CMS energy

V(s). Right: The effective integrated luminosity with ISR with a reduced +(s) between 1.87 and 5.0 GeV with the Belle IT experiment.
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be able to collect samples several orders of magnitude
larger than what is currently possible with BESIII. What
does this mean in terms of the precision of the CP asym-
metries?

In pp annihilations, many partial waves contribute to
the production. This is in contrast to the e*e™ case, where
the spin and parity of the initial state is almost exclus-
ively J¥ =1-. Hence, in e*e” production, all production
parameters such as polarization and spin correlations are
well-defined functions of the hyperon scattering angle 6y,
governed by two global parameters ay and A® that de-
pend on the collision energy only. Hyperon-antihyperon
pairs produced in pp — YY reactions are quantum correl-
ated rather than entangled since several possibilities exist
for the initial spin-parity state. Nevertheless, in the case
of spin 1/2 hyperons, the reaction can be parameterized in
terms of five independent production parameters, each
with an unknown 6y dependence. Decay parameters and
CP asymmetries, therefore, need to be extracted from
global fits. However, as demonstrated in Ref. [99], the
precision for a given sample size is about the same as in
e*e” experiments [86]. The future CP tests by PANDA
really have the potential to significantly improve the pre-
cision of the world data and put SM and BSM predic-
tions to the test.

2. STCF

The Super Tau-Charm facility (STCF) proposed in
China is a next-generation electron-positron collider that
will operate within a CMS energy range from 2.0 to 7.0
GeV [187]. The design luminosity is 0.5-10*> cm™2s~! or
higher at the optimal CMS energy of 4.0 GeV. With this
luminosity, it will be possible to collect 1 ab~! of data per
year. At the J/¥ mass, this corresponds to 3.4-10'2J/¥
events per year, given a production cross-section of 3400

nb and a beam energy spread that equals that of BESIII.
This opens up for high-precision CP tests in decays of
hyperon-antihyperon pairs. Realistic projections of the
precision can be obtained by scaling the statistical uncer-
tainty achieved with BESIII with at least two orders of
magnitude larger data sets expected with the STCF. The
results are presented in Table 4 and are discussed in de-
tail in Ref. [183].

Future upgrades may include even higher luminosit-
ies, a longitudinal polarization of the electron beam and a
reduced beam energy spread. It is estimated that an elec-
tron beam polarization of about 80% at J/y energies can
be obtained without reducing the beam current [188].
This polarization is much larger than the observed natur-
al transverse polarization of hyperons and antihyperons
(about 30% at its maximum) from J/¢ decays and will
increase the sensitivity of most CP tests in hyperon de-
cays [183].

The beam energy spread can be reduced by a colli-
sion scheme where electrons (positrons) with higher mo-
menta collide with positrons (electrons) with lower mo-
menta [189—191], similar to the Belle II experiment at
SuperKEKB [184]. Reducing the CMS energy spread
compared to what is currently possible with BEPC-II can
further increase the data quality. In particular, if the
spread approaches the natural width of the J/y, I'=90
keV, the number of the J/y events produced with a giv-
en integrated luminosity will increase. Furthermore, the
off-resonance background can be reduced which would
improve the sensitivity to rare processes.

VIII. SUMMARY

Polarized and entangled hyperon-antihyperon pairs
offer a common platform to study a wide range of topics
including precision aspects of the strong interaction, tests

Table 3. Results from simulation studies of the various production reactions of ground state hyperons [186, 185].

Reaction pﬁ/(GeV/c') S/B Events / day, Phase One Events / day, full luminosity
Pp— AA 1.64 114 3.8-10° 7.6-107
Pp oA 6.0 21 43-10° 4.1-106
pp—oE B 4.6 274 2.6-10% 5.2.10°
Table 4. Expected statistical uncertainty for the CP asymmetries A%,, AZ, and BZ, at BESIII and the proposed STCF. BESIII has

already published measurements on A2, [86, 91] and AZ, [87], the former with the full 10'°//¥ data sample. The projected uncertain-

ties for future measurements at BESIII and STCF are obtained by scaling the statistical uncertainties with the number of events. The =

and =+ indicate the combination of BESIII measurements [86, 91] and projected precision, respectively.

Nupy o(Agp) o(AEp) o(Bgp)
BESIII 1.3-10° 1.0-107% 1.3-1072 3.5-1072
BESIII 1.0-1010% 3.6-1073 481073 1.3-1072
STCF 3.4-101%* 2.0-10™ 2.6-10™ 6.8-107*
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of fundamental symmetries and flavour physics. Recent
measurements from BESIII employ newly developed
methods that benefit from the possibility to precisely
parameterize the complicated decay chains, including
particle-antiparticle correlations. This has resulted in pi-
oneering measurements of the hyperon structure at the
femtometer scale, some of the most precise CP tests for
baryons so far, and studies of rare hyperon decays. These
methods can be extended and applied to larger data
samples from BESIII and Belle II, but also from future
particle-antiparticle collider experiments such as PANDA

and STCF. The results can lead to a more complete un-
derstanding of the Standard Model with all its features,
including currently challenging aspects such as the strong
interaction in the confinement domain. Furthermore, fu-
ture hyperon-antihyperon studies have the potential to re-
veal physics beyond the Standard Model.
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