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Abstract: This work presents a comprehensive analysis of polarization transfer in the decays of y., (J/=0,1,2) in-

to octet baryon-antibaryon pairs in polarized electron-positron collisions. Using the spin density matrix formalism,

we trace the polarization from the initial beams through the production chain e*e™ — ¥(2S) — yy.; to the final-state

baryon-antibaryon system. The helicity amplitude analysis for y., — BB confirms the universal angular distribution

parameter « = —1/3, as dictated by the charge-conjugation helicity selection rule. For y,., decays, a and the trans-

verse polarization depend on two independent amplitudes, and our quark-model calculations agree with existing

data. We demonstrate that the longitudinal beam polarization P, modifies the spin observables for y,., and y.. This

offers new experimental handles at future polarized facilities, such as the Super r-Charm Facility (STCF), to test de-

cay mechanisms and explore baryonic spin entanglement as a quantum information resource.
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I. INTRODUCTION

The study of charmonium physics provides a unique
window into both perturbative and nonperturbative as-
pects of Quantum Chromodynamics (QCD). Among the
charmonium states, the P-wave triplet y.; (J/=0,1,2)
holds particular interest due to its intermediate mass
scale, where the interplay between the production dynam-
ics, governed by perturbative QCD (pQCD), and the sub-
sequent hadronization into final-state hadrons, a nonper-
turbative process, can be intricately probed. The decay
channels y.; — BB, where B denotes a spin-1/2 baryon
such as proton, neutron, or A, are especially valuable in
this regard. These decays involve the creation of a bary-
on-antibaryon pair from a colorless, heavy quark-anti-
quark system, offering a testing ground for models of
hadron formation, helicity conservation rules, and the role
of higher-order QCD effects [1—3]. Understanding the de-
tailed decay mechanism of y. whether dominated by
short-distance pQCD diagrams, influenced by non-re-
lativistic QCD (NRQCD) matrix elements, or affected by
rescattering and final-state interactions remains an active
area of theoretical investigation. The polarization observ-
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ables in these decays are particularly sensitive to the un-
derlying dynamics, as they trace the transfer of angular
momentum from the initial quarkonium state to the final-
state baryons [4—7].

Experimentally, significant progress has been made in
measuring the branching fractions and angular distribu-
tions of y.; — BB decays. Facilities such as the BESIII
experiment at the Beijing Electron Positron Collider
(BEPCII) have produced large and clean samples of y.,
particles via the radiative transition ¥(2S)— yy.;. Re-
cent analyses have provided precise measurements of the
branching fractions for channels like y., — pp, Z°Z°,
»*¥-,275% and Z°Z° [8—13]. Notably, these measure-
ments reveal a distinct hierarchy in the decay rates among
the different y.; states and significant angular distribu-
tion parameters (a parameters) for the baryons, which are
directly linked to the polarization transfer. The experi-
mental data, with ever-increasing precision, pose both
challenges and opportunities for theoretical models, call-
ing for a more refined description that goes beyond the
simplest pQCD or statistical hadronization pictures.

The polarization of the final-state baryons and the re-
lated phenomenon of spin entanglement constitute a fron-
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tier in quantum information aspects of particle physics
[14—16]. In the decay y.; — BB, the spin-1/2 baryon and
antibaryon pair is produced in a quantum-correlated state.
For the y. and y., decays, the initial state possesses
nonzero spin alignment, which can lead to a non-trivial
spin density matrix for the baryon-antibaryon system.
This entanglement, a direct consequence of quantum
mechanics and angular momentum conservation, can be
quantified through observables like spin correlations and
entanglement entropy [17, 18]. Recent theoretical works
have begun to explore these quantum correlations in
heavy quarkonium decays, suggesting that such pro-
cesses could serve as high-energy laboratories for testing
fundamental quantum principles [19—21]. However, most
existing analyses assume an unpolarized initial y., state,
typically produced from unpolarized e*e~ collisions. The
role of the initial production mechanism in shaping the fi-
nal spin correlations remains less explored.

In this work, we extend the polarization analysis of
X — BB decays, with B representing octet baryon, to a
more general and experimentally relevant scenario: the
production of y., from the annihilation of polarized elec-
tron and positron beams. Polarized beam experiments,
such as those possible at future e*e™ colliders like the
STCF [22] or upgraded BEPCII, offer an additional
handle to control and manipulate the initial angular mo-
mentum state. By considering polarized initial beams, we
introduce a new axis of quantization and a controllable
source of spin alignment for the y.; meson. This allows
us to study how the beam polarization propagates through
the production process (e*e™ — ¥(2S) — yyx.;) and sub-
sequently transfers to the final-state baryons via the de-
cay y.; — BB. We systematically calculate the complete
set of helicity amplitudes for these processes within a
quark-model framework, incorporating both the produc-
tion and decay dynamics. Our analysis aims to predict the
resulting baryon spin polarizations and spin correlations
as functions of the beam polarization parameters. We
quantify the expected experimental observables, such as
angular distributions and polarization correlation, and dis-
cuss how measurements of these observables with polar-
ized beams could provide unprecedented constraints on
the y. decay mechanism, test helicity selection rules
with greater discriminative power, and offer new insights
into the spin entanglement properties of the baryon-anti-
baryon system. This study bridges the gap between tradi-
tional charmonium spectroscopy and the emerging field
of high-energy quantum information, highlighting the po-
tential of polarized colliders as powerful tools for funda-
mental QCD studies.

II. SPIN DENSITY MATRIX

A. Y(25) particle
In e*e” colliders, the laboratory coordinate system is

conventionally defined with the z-axis aligned along the
beam direction, typically chosen as the momentum direc-
tion of the positron (e*). The x-axis is usually set perpen-
dicular to the beam axis within the accelerator plane, and
the y-axis completes the right-handed Cartesian system
(as shown in Fig. 1). When the electron beams possess
both longitudinal and transverse polarizations, the spin
density matrix (SDM) for the initial e*e~ system must ac-
count for these polarization states. For an electron with
longitudinal polarization P, and transverse polarization
P =(P.P ) = Pre | with ¢, the azimuthal angle, its in-
dlividual spin density matrix can be expressed as p, =
§(1+ﬁ'5'), where P=(P,,P,,P,) and & are the Pauli
matrices. The combined SDM for the colliding e*e™ pair
is then the direct product of their individual matrices:
Petem = Per ®pe’ .

Fig. 1. (color online) Definition of the helicity system and
helicity angles for the decays y(2S) — yy., and y.;, — BB.

In the process e*e™ — ¥(25), assuming helicity con-
servation and parity conservation in the coupling via a
virtual photon, the helicity of the virtual photon is restric-
ted to 4, = +1. The SDM for the produced (25) can then
be derived from the decay matrix formalism. The general
relation is p, = Mp;M", where p; is the SDM of the initial
e*e” system, and M is the decay amplitude matrix for
ete” -yt - Y(2S), expressed in terms of helicity amp-
litudes and Wigner D-functions. For the specific case dis-
cussed in this paper, which focuses on the longitudinal
polarization P.(P.) of the e~ and e* beams, the trans-
verse polarization Pr of both beams also arises from the
self-polarization due to the Sokolov-Ternov effect [23].
Thus one has the SDM for ¢(2S) particle:

(1+P)(1-P) 0 P}
pV*/l//(ZS) — E 0 0 0
P% 0 (1-P)1+P,)

(1)
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At the ¥(2S) production energy, the transverse polar-
ization Pr in BEPCII reaches 0.28 after one hour of beam
injection, in accordance with the Sokolov-Ternov mech-
anism, which predicts a characteristic rise time of 7y = 2.8
hours [24]. The polarization magnitude increases with
beam energy under identical injection conditions, illus-
trating the energy-dependent build-up of polarization.

B. y., states

In the decay ¥(25)(1) — xes(11)y(1y), the helicity
angle 6, is defined as the angle between the y. mo-
mentum and the positron direction in the ¥ (2S) rest
frame, and the azimuthal angle is denoted by ¢y. The
helicity amplitudes A(fl),ﬂz give the decay amplitude for
specific helicity states A; (of y.;) and A, (of y), where 2,
denotes the spin projection along the particle's mo-
mentum direction.

This charmonium transition conserves parity, leading
to specific symmetry relations among the helicity amp-
litudes. For the y. final state, the amplitudes satisfy
A(<)o>1 —Af)of In the case of y.;, the relations are A(_ll),_l =

~AY} and Aj), =-A{)]. For y., the amplitudes follow
A(_Zz),_l AS), A% =AY, and AY), =A§). These con-
straints arise from parity conservation and the spin prop-
erties of the final states [25].

The helicity amplitude A(f,),gz encodes the dynamical
information of the transition ¥(2S) — y.;y. Theoretical
arguments and BESIII measurements confirm that this

do
—
dcosfydg,

==

[(1 = P_P.)(5—cos 260p) — 2P} cos 2¢g sin” 6o |Ao.1[*

process is dominated by electric dipole (E1) transitions
[26]. Consequently, the he11c1ty amphtudes follow E1 sele-
ction rules[27]: for x., A(l) =A 0 1 for X2, A(QZ; = \/EA(IZ: =
V6 A(%). These relations reflect the angular momentum
and parity constraints of E1 transitions. The SDM of .,
can be expressed as a linear transformation of the y(2S)
SDM:

p(xes) = Mp" @ MT, with

Mag,-2s = NyD) gy, (60,60, AT, 2)
Here, N; is a normalization factor, and D} ; denotes the
Wigner D-matrix element. Note that the polarization
parameters Py and P, depend on the azimuthal angle ¢,.
The elements of p(y.;) can be written as P (Xes)

W(2S) 1
§ Pax D,ul
AV

4,2 = +1 denote the helicities of the y¥(2S) produced in
e*e” annihilation, and A, = 1 corresponds to the photon
helicity. This expression explicitly shows how the polar-
ization components of the ¢(2S), encoded in p’’, are
mapped onto the y.; states through the radiative trans-
ition.

Combining Eq. (1) and Eq. (2), and using the E1 se-
lection rules, the angular distribution of the y., particle is
obtained by taking the trace of its SDM

_,(Qo)DY X AZ(QO)XA%)AZA(A{)L where

for Xc0s

for .1, 3)

1
T [(1 P_P,)(27 +cos26y) + 2P2% cos2¢y sin 6’0] |A21 1> for xeo.

One can see that the ¢, distribution depends on Pr,
which provides a means to measure the beam transverse
polarization. Moreover, if the positron is unpolarized, the
cosf, distribution is independent of the electron polariza-
tion. For unpolarized beams (P, = P, = P; = 0), the angu-
lar distribution reduces to do/dcosé, « 1 +@cos?6,, with
a=0,-1/3,1/13 for x.0, xc1, and y. [28], respectively.
From Eq. (2), it is evident that the spin density matrix

of y.; depends on the helicity angles 6, and ¢,. To in-
vestigate the polarization effects in the subsequent decay
X — BB through baryon angular distributions, we adopt
the momentum-space averaged SDM of y.,. This is ob-
tained by integrating over 6, and ¢, effectively marginal-
izing the angular dependence. If E1 approximation is as-
sumed, one has the normalized SDM of y.,

-16(-1+P,P,) -3\2a(P,-P,) 0
Nip(er) = -3\2n(P,-P,) -32(-1+P,P,) -3\2n(P,-P, |, @)
0 -3\2n(P,—P,) -16(-1+P.P,)

where the normalization factor N;

=64(1 - P.P,). For the y., state, one has the normalized SDM

103101-3



Cai-Ying Pang, Rong-Gang Ping, Dai-Hui Wei

Chin. Phys. C 50, 103101 (2026)

-96(1-P.P.)  18n(-P.+P.)
187(-P.+P,))  —48(1-P.P.)
Nop(xe)=| —-8V6(1-P.P,) -3V6r(P,-P.)
0 0
0 0

The normalization factor N, =320(-1+ PzP,). The
averaged SDM then serves as input for analyzing the BB
decay angular correlations, where the initial y.; polariza-
tion is imprinted on the final-state baryon pair. This ap-
proach isolates the intrinsic polarization transfer from the
Xe production dynamics, independent of the y(2S)—
Xy kinematic configuration.

C. BB pair

In the decay process y.;(11) — B(13)B(1,), we invest-
igate polarization effects in the helicity frame of the BB
system. The helicity frame is defined in the center-of-
mass frame of the y.;. In this frame, the baryon and anti-
baryon are emitted back-to-back. The momentum direc-
tion of the baryon is chosen as the Zz-axis of the BB heli-
city frame. The Yp-axis is taken to be perpendicular to the
plane spanned by the momenta of the y.; and the baryon,
while the Xj-axis is defined such that (X, Yz, Zg) forms a
right-handed coordinate system, as illustrated in Fig. 1. In
this frame, the helicity amplitude of the BB pairis de-
noted by B, ., and the spin density matrix of the BB sys-
tem can be expressed as:

p"(BB) = Mp(x.))M', with

My, a2, = DY 40, (81,61,00BY) (6)

where J=0,1 and 2 for y.o,xe and y., states.

For the decay y.;, — BB, parity conservation implies
the following relations for the helicity amplitudes [25]:
BY) _.,=(=1’B{, , which gives B%_, =B{? for ..,
B!} _,, =-BY),, for x.i. In addition, the charge conjuga-
tion symmetry requires Bflg), W= —Bf{: 1 SO that B i =
B(ll/)z’l/2 =0. Consequently, only the amplitud_es B(_lf/z’l/z
and B(ll/)z’,, ,» contribute to the decay x. — BB, with the
relation B(_ll)/z,1 n= —B(ll/)z,_1 - This helicity selection rule
implies that the helicity amplitude for y., — BB is gov-
erned by a single parameter. For the y. decay, the two
independent amplitudes are parameterized by their phase

difference A: B(z)l | = eiAB(IZ)I .
75’5 E’E
1. xo— BB

With these relations, the SDM for y. decays can be

—-86(1-P,P,) 0 0
-3+V6n(P,-P,) 0 0
_32(1_P2P2) -3 \/gﬂ(Pz_Pz) _8\/6(1_P2Pz) (5)
-3+on(P,—P,) -48(1-P,P,) 18n(-P,+P,)
-8V6(1-P.P,) 18n(-P,+P,)  -96(1-P.P,)
[
expressed in the helicity basis.
1 00 1
_ 1 00 00
O(BB) = = 7
P (BB) 5 00 0 0 (7
1 0 0 1

It follows that the baryon angular distribution is isotropic
in the BB helicity frame.

2. Xcl — BB
While for y.; decay, the SDM of the BB

0 O 0 O
_ 0 pn ps O
pV(BB) o , 3
0 pn px O
0 0 0O 0
with
p2 =2 [2(P.P.—1)(cos 26, - 5)
+37(P,— P,)cos ¢, sin6, | |B1 [,
272
p33 =2 [2(P.P.—1)(cos 26, - 5)
+37(P,— P,)cos ¢ siné | |B1 I,
272
p23 = px =8(1 = PzP.)sin’ 6y1B1 ;[ 9
272

It follows that the baryon angular distribution in the
BB helicity frame is expressed

I1(0)) o (1= P.P.)(5-c0s26))|B1 1|
2

(10)

1
)

1
The angular distribution is given by 1- gCOS2 61, a form
independent of the beam polarization.

3. X2 ™ BB

After the integration over ¢,, the SDM of BB for y.,
decays
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\/gs20b+—b++
3e(c—5)b7_
—6e252h2

‘/gszeb+—b++

2ei4(3cyy — TV,
V6e?559b, b,

- \/gezm S2b._b..
264 (3csy — TV,

p?(BB) o

where ¢y = c0s20,, sy =sin20;, sy =sinby, by, =|Bij2.15ls
b,_=|Bip-1pl, and A is the phase angle difference
between By, _1» and By ,2.

It follows that the baryon's angular distribution in the
BB helicity frame is

19(0,) o (1= P,P,)(1 +cos’6,) with

32 +6b2,

YT T 1002,

(12)

Note that in the approximation of the El transition, the
angular distribution is independent of the cos*#, term.

III. POLARIZATION BB IN y.; DECAYS

Spin entanglement between baryon pairs is a paradig-
matic manifestation of non-classical correlations in spin
systems and has become an important resource in
quantum physics. It not only provides a crucial experi-
mental platform for testing the foundations of quantum
mechanics—such as Bell nonlocality and local realism—
but is also emerging as a sensitive quantum probe for de-
tecting new physics. Within this framework, spin polariz-
ation serves as an ideal physical carrier for realizing and
manipulating baryonic entanglement, making its prepara-
tion and measurement techniques central to experimental
research. For a two-body spin-1/2 system, its quantum in-
formation can be fully described by the polarization vec-
tors of the baryon, O;, and of the antibaryon, O,
(i,j = x,y,z), and the second-order spin correlation tensor
Cij=(0;®0;). In terms of Pauli matrices, the spin dens-
ity matrix for BB reads

- 1
D(BB) = 1 .
p(BE) = {I®I+ §i 0:(c;®T)
+3°0,a80)+3 c[,a,@a,}, (13)
J ij

where I denotes the 2 x 2 identity matrix.

On the other hand, the polarization vector and the cor-
relation tensor can be expressed if the SDM is available,
with

~ V652D, b,
-6 52h2
3e'2(cpg — 5)b2_
- ‘/6S29b+—b++

264 (3cag— T,
V662 554b, b,
- \/gezm S20b4_b..
26 (3cyy — TIB2,

-(P,Pz—1)e™, (11

0, = Tr[p(BB)o; ®1],
O_j = Tr[p(J)(BB)I® O',‘],
Ci; = Tr[p"(BB)r;® 1. (14)

1. x. — BB
Using the SDM for y., — BB as given by Eq. (7), we
obtain the polarization vectors O; =0, =0 (i = x,y,z) for

the baryon and antibaryon. The spin correlation matrix
C;;, defined in Eqs. (13), (14), reads:

0 O
C= 0 -1 0 . (15)
0 1

The decay y. — BB is of particular interest for
quantum information studies. For a bipartite BB system
described by the density matrix p’(BB), the entanglement
of formation is quantified by the concurrence C[p] [29].
Following the standard definition, C[p] = max(0,#; —t,—
t; —t4), where ¢; are the square roots of the eigenvalues of
R=p(o,®@0,)p*(0y®0,) sorted in descending order. Us-
ing the joint spin density matrix p®(BB), we find
Clp]l =1 for the y. decay, implying that the y. state is
maximally entangled [17].

2. x. — BB
Using the SDM for y.; — BB, one obtains the polariz-
ation vectors 0, =0; =0 (i = x,y) and O; = -0, = Pn—fn
P22+ P33

for the baryon and antibaryon. Note that the longitudinal
polarization is useful for measuring the subsequent decay
of the hyperon. The spin correlation matrix C;; defined in
Egs. (13), (14) reads

pu+pn  i(en—pn) O
C= 1 — + 0 . (16
P (sto o) P OP32 1 (16)

Here, p;;(i, j = 1,2,3) are the SDM elements of the BB for
xe1 decay, as given by Eq. (9).
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3. xo— BB

For y. — BB, using Eq. (11), the polarization vec-
tors for the baryon and antibaryon are obtained as
Oi = O_,' =0 (l = x,z), and

_1
0,=-0,= ??(4 V6cos 6, siné, sinAb,_b,,). (17)

The spin correlation matrix reads

1
Cii = ~[2(3cos26; - T)b2, —3(1 - cos26,)b>_],

(18)
1
Cyp = ?[2(7—300526’1)bi+—6sin26’1 b:_], (19)
1
Cy = ?[—S(Cos 20, —5)b>_ +2(3cos26, —T)b2, 1,
(20)
1
Cy1=—Cpiz= ?[4 V6cosAcosd, sinb, b,_b,.],
(21)
C12 = C21 = C23 = C32 = 0’ (22)

with

F =3(c0s26, —5)b>_+2(3cos26, = 7)b>,.

IV. HELICITY AMPLITUDE IN QUARK MODEL

We compute the helicity amplitudes for y., — BB us-
ing the conventional constituent quark model [30—32]. At
tree level (see Fig. 2), the c¢ pair in the y., annihilates in-
to two gluons, which subsequently convert into two ¢g
pairs and combine with an additional ¢g pair (with 0**
quantum numbers) produced from the QCD vacuum. The
three (anti)quarks then hadronize into (anti)baryons,
forming the final-state baryon-antibaryon pair. As an ap-
proximation, only the contribution of the baryon wave
function at the origin in momentum space is taken into
account; that is, the momentum of each constituent quark
is taken as a fixed fraction of the baryon momentum,
weighted by the mass of the quark that constitutes the ba-
ryon.

In estimating the angular distribution coefficients for
X< — BB using helicity amplitudes, the decay mechan-
ism described by the constituent quark model at tree level
can be further simplified. Considering Eq. (12), the angu-
lar distribution coefficients are determined by the ratios

Xe2

[sol

Fig. 2. y., decays into a baryon-antibaryon pair.

of helicity amplitudes. The QCD nonperturbative effects
introduced by the initial- and final-state hadron wave
functions, as well as common color factors, cancel out in
these ratios, leaving only the dependence on the helicit-
ies of the quark pairs. These ratios of helicity amplitudes
constitute the primary factor in determining the angular
distribution coefficients. The helicity amplitudes for the
decay y., — BB can be written as

by 2y =FYpYlia( A )y v(A1) ()Y v(A2)ia(A3)9(23)
+(u & 5)+(d & 5)€y (A3 —A4)), (23)

where F' is an overall constant that accounts for the ini-
tial- and final- state hadron wave functions at the origin,
as well as the color factor. Here u(v) denotes the free Dir-
ac spinor for a quark (antiquark), ¥z (¥3) is the spin
wave function of the baryon (antibaryon), including the
spin yp(xyz) and flavor wave functions (¢p), and
€.(A3 — A4) represents the spin wave function of the y..
with helicity A; — 4. Their explicit expressions of wave
functions are given in appendix. In the constituent quark
model, we parameterize nonperturbative QCD effects, in-
cluding hadronic bound states and long-distance effects,
into a single overall constant. Their values can be determ-
ined from the measured decay width. However, they can-
cel out in the calculation of helicity amplitude ratios.

We calculate the amplitude in the BB helicity system,
where the spin quantization axis (Z-axis) is chosen along
the baryon momentum direction, placing the antibaryon
along the —Z axis. The explicit spinor solutions in the
Pauli-Dirac representation are given for a particle of mass
m, energy E, and momentum along or opposite to the z-
axis. For helicity 4 = +1/2 states, the baryon spinors are:

u(p,,+1/2) = (‘/E+m)(ii \/E—m,\/i) ,

u(=p.,+1/2) = (w/E+mX;_r \/E—m)ﬁ) .24

and the antibaryon spinors are:

103101-6
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v(p,,x1/2) = (\/E—m)(¢¢ \/E+m)(¢> ,

w(—pox1/2)= (-VE=my.VE+my.),  (25)

with two-component basis spinors y. = (1,07 and
Y. =(@,1)7.

Using these equations, one obtains
iW(P,,1/2v(~P,,1/2) = —2P,,
a(P,,1/2)¢(OV(~P,, 1/2) = —2m,,

(P, 1/2)¢(v(-P,,—1/2) = —2V2E,, (26)

where P, is the momentum magnitude for the quark ¢
with mass m, and energy E,. The polarization vectors are

1 .
taken as e(x1) = ¢7 (0,1,%1,0)" and €(0) = (0,0,0,1)" .

Then the helicity amplitude for y., — BB is calcu-
lated as follows:

_ 2 10 8
by = =42 P (=S,

_ 80
bo(NN) = =" E,m, Py,

b, (AN)=-8 \@ P, (2mgm,—P,P,),

b, (AN)=-16E,m,P,,
. 8 \/E s
b, (%) = 3V3 (2(E} +3m) + (12mym, — 8E,E,)P,),
- 32
b, (%)= 3 (RE,(m,P;+m.P,)— E;m,P,),
- 8 2,
b, (EE) = V3 (E2P,—4E,E P, +3my(P,m+2m,P,)),

_ 16
be~(B2) = = (=EgnPs+2E,(Pyng +m,Py)).
27)

Here NN denote proton-antiproton pp or neutron-anti-

Table 1.
numerical estimate, while a(Exp) represents the measured values.

neutron ni, £ denote X% or T*X-, =& denote Z°=° or
Z-Z*. The m,,my,E,,E; are the masses and energies of
u and d quarks. Under the assumption m, = m, = m, and
E,=E;=E,, the light-quark momentum is P,=
\/E2—mZ. Correspondingly, for the strange quark (mass
my, energy E,), we have P, = /E?—m>.

In the numerical evaluation of helicity amplitudes, the
light-quark mass is set to m, =m,/3 =0.31 GeV [33], and
the strange-quark mass is determined via m, = (mj—
my)+m, GeV, where m, denotes the A-baryon mass,
yielding m, = 0.49 GeV. Quark momenta are obtained as
P,=m,Pg/M and P,=m,Pg/M, with M =m,+m,+m,
being the total quark mass and Py the baryon momentum.
We estimate the corresponding uncertainty by evaluating
our results at m, = 0.43 GeV and 0.53 GeV, and quote the
larger difference as the uncertainty. Numerical results for
the decays y., — BB are listed in Table 1. Due to the ad-
option of the m, =m, assumption, the processes for the
=~ and =° are treated unified. The calculated angular dis-
tribution parameters agree with the experimental data
within one standard deviation.

V. POLARIZATION OBSERVABLE

A. Angular distribution

In the decay processes y.; to spin-1/2 baryon antiba-
ryon pair, the polar angular distribution of the final-state
baryon in the helicity frame provides a direct probe into
the parent particle's polarization and the underlying heli-
city amplitudes. The angular distribution can be gener-
ally expressed as I(8)) «c 1 +@cos?6,. For the scalar state
X0, the parameter a is predicted to be zero, resulting in a
flat, isotropic distribution, a direct consequence of its
J =0 nature, which forbids any spin alignment. In con-
trast, for the axial-vector y.;, the decay into any octet ba-
ryon-antibaryon pair is governed by a helicity selection
rule enforced by charge conjugation symmetry. This rule
strictly constrains the helicity amplitudes, leading to a
model-independent prediction of @ =-1/3 for all such

Numerical helicity amplitudes and angular distribution parameters for the y., decay into octet baryonic pairs. a denotes the

Channel b,_ b, o o(Exp)

pp —-0.816+0.001 —-0.016+0.001 —-0.333+0.001 -0.26+0.17 [9]

nn -0.816+0.001 —0.016 +0.001 —-0.333+0.001

AA -1.488+0.191 —-0.177+0.016 —0.337+0.001 —-0.211+0.100+0.050 [11]
3050 2.762+£0.221 —0.438+0.153 —0.341+£0.007
THE- 2.762+0.221 -0.438+0.153 —-0.341+0.007
== 1.824 +£0.409 —0.461+0.121 —-0.351+0.006 —0.34+0.18+£0.30 [13]
=050 1.824 +£0.409 -0.461+0.121 —-0.351+£0.006 —0.65+0.31+£0.22 [13]
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(color online) Angular distributions of octet baryon in y,, (a) and y,, (b) decays. where histograms are MC events, and the

curves are the expected distribution of 1 —acos?6; with @ = —1/3 (a) and « = 0.333,0.337,0.341,0.351 for p(n),A,Z°(Z*),Z°(E") (b).

channels. Based on the theoretical formula given in Eq.
(10), we generate an ensemble of MC events and obtain
the distribution for y.; — BB shown in Fig. 3(a). This re-
markable universality makes the y.; decay a clean test-
bed for fundamental symmetries in QCD. For instance,
the recent measured value by BESII for y. — AA,
a=-0.301+0.042+0.026 [11], is in excellent agreement
with this prediction, confirming the dominance of the
helicity selection rule in this decay mode.

For the tensor state y., — BB, the situation is more
complex. The angular distribution parameter o is also
predicted to be negative, but its exact value is not univer-
sal; it depends on the relative magnitude and phase of two
independent helicity amplitudes. These amplitudes are
sensitive to the detailed dynamics of the decay, such as
the wave function overlap and the spin structure of the fi-
nal-state baryons, and thus can be calculated within spe-
cific frameworks like the quark model. We use the angu-
lar distribution formula in Eq. (12) and the parameter «
fixed from the helicity amplitudes in Table 1, to generate
an ensemble of MC events using an acceptance-rejection
method for the y., decays. Figure 3(b) shows the angular
distribution for y., — BB, histogram is filled with the MC
events, and the comparison with the predicted angular
distribution (curve).

The angular distributions in different baryon chan-
nels (pp, AA, X°50(Z*%7), E2-2+(2°2°)) exhibit subtle
yet discernible differences in the Fig. 3, reflecting the de-
pendence of the decay amplitudes on the flavor structure
of the final-state baryons. Current experimental measure-
ments for y., decays into pp, AA and ZE* (2°=) all
yield negative a values [9, 11, 13], and the results are
consistent with quark-model calculations within one
standard deviation. To more stringently test these theoret-
ical predictions and decode the intricate decay mechan-
isms of y.; states, future high-statistics experiments are
crucial. Improving the precision of existing measure-
ments and performing the first measurement for the
Xe2 — Z°Z° channel will provide essential data. These pre-
cise determinations of « across the baryon octet will serve
as critical benchmarks, allowing us to distinguish

between different model assumptions and ultimately
achieve a deeper understanding of the interplay between
perturbative and non-perturbative QCD in charmonium
decays.

B. Baryonic polarization and spin correlation

In the decay y. — BB, the parent particle's zero spin
forbids any net polarization of the final-state baryons
along any axis (x, y, or z). However, the spins of the bary-
on and antibaryon remain strongly quantum correlated.
These non-classical spin correlations, a signature of en-
tanglement, are not directly visible in the primary decay
products. They can, however, be observed through mo-
mentum-angle correlations among the particles from the
subsequent weak decays of both the baryon and antibary-
on.

For the process y.; — BB, the initial longitudinal po-
larization of the colliding beams is transferred to the y.
and manifests as a longitudinal polarization of the final-
state baryon and antibaryon. This polarization is directly
measurable. Furthermore, the spin correlations between
the baryon pair are encoded in their joint angular distribu-
tion, specifically in the dependence on the polar angle 6;,
allowing for a complete analysis of the spin state from the
primary decay vertex.

Figure 4 presents the longitudinal polarization com-
ponents O, and O, of the baryon and antibaryon as func-
tions of cos#, in these decays. In all channels, 0.(0.)
is found to be consistent with zero, in agreement with
the suppression of longitudinal polarization expected
from helicity conservation in pseudovector meson decays.
Figure 5 shows that the distributions of the spin correla-
tion matrix elements in these decays are consistent across
different baryon channels, indicating that the spin correla-
tion pattern in y. decays is primarily governed by the
symmetry of the initial state and exhibits negligible de-
pendence on the flavor structure of the final-state bary-
ons.

The decay y. — BB yields a different polarization
pattern. Here, the baryon and antibaryon possess only a
non-zero transverse polarization along the y-axis (perpen-
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Fig. 4. (color online) The dependence of the polarizations
0. and O, on cos#, for the baryon and antibaryon in y., — BB
(B: octet baryon).
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Fig. 5.
matrix elements C;; on cos6, in y.; — BB (B: octet baryon).

(color online) The dependence of spin correlation

dicular to the production plane). The magnitude of this
transverse polarization depends on the ratio and relative
phase between the two independent helicity amplitudes
governing the decay. As in the y.; case, the spin correla-
tions between the pair are also embedded in and can be
extracted from the polar angular distribution /(cos6;).
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1.0

Based on Eq. (17) to Eq. (22) and the helicity amp-
litude values derived from the naive quark model in
Table 1, the transverse polarization and the spin correla-
tion matrix for the processy., — BB can be obtained un-
der the assumption of quark masses and energies. The
phase angle A can only be determined by fitting to experi-
mental data, such as the value A =-0.37+0.16 provided
by BESIII for the y., — AA decay [11]. When predicting
the polarization vector and spin correlation tensor, we set
A =n/2 and A =0 in our simulations. As shown in Fig. 6,
a non-zero transverse polarization O, is observed in all
decay channels, with its magnitude following a flavor-de-
pendent pattern. Figure 7 shows the calculations of the
spin correlation matrix C;; in y., — BB decays (B=p,
AZO(ZEN),E7(E%). A strong longitudinal alignment
(C3; ~ 1) and universal transverse anisotropy (Cy; > Cay)
across all channels. The effect is most pronounced for
= EY(EZ"), suggesting that interference among helicity
amplitudes is modulated by baryon spin structure. These
results link charmonium decay dynamics to flavor-de-
pendent baryon structure.

VI. SUMMARY AND OUTLOOK

In this work, we have performed a comprehensive po-
larization analysis of y.; (J =0,1,2) decays into spin-1/2
baryon-antibaryon pairs, with a focus on the novel scen-
ario where the y.; states are produced via polarized elec-
tron-positron collisions. Starting from the spin density
matrix formalism, we systematically derived the polariza-
tion transfer from the initial beam to the intermediate
¥(2S) and y.; resonances, and finally to the baryonic fi-

0, Error

-0.5 0.0

cos 6,

0.5 1.

0, Error
—o,

O, Error
—0,

0.0
cos 6,

(color online) The polarization components O, and O, of baryons and antibaryons from y,, decays are shown as follows: the

upper-left panel corresponds to pp (nit); the upper-right, to AA; the bottom-left, to °£° (£*Z7); and the bottom-right, to Z-=Z* (Z°Z°).
The parameters b,_ and b, are taken from the numerical values in Table 1. The solid line corresponds to their central values, and the

shaded band indicates the uncertainties.
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Fig. 7. (color online) The spin correlation matrix elements C;;. The first row corresponds to y,., — pp, the second to y., — AA, the

=)

third to y., — Z°2°, and the fourth to y., — Z-&* (£°Z°). The parameters b,_ and b, are set to the numerical values in Table 1. The
solid line uses their central values, and the shaded band denotes the uncertainties.

nal states. For the subsequent decay y., — BB, we calcu-
lated the complete set of helicity amplitudes within a con-
stituent quark model framework, incorporating the full
SU(6) spin-flavor wave functions for octet baryons.

Our key findings can be summarized as follows. First,
the angular distribution parameter a for y., — BB is con-
firmed to be universally —1/3, a robust prediction arising
from the helicity selection rule imposed by charge-con-
jugation symmetry. Second, in the case of y., decays, the
o parameter, the transverse polarization along the y-axis,
and the spin correlation tensor all depend on the ratio and

relative phase of two independent helicity amplitudes.
Our calculated results are consistent with available exper-
imental measurements within the quoted uncertainties. Fi-
nally, under a polarized beam scenario, the initial longit-
udinal beam polarization P, modifies the spin density
matrices of y., and y.,, which induces observable effects
in the final-state baryon polarizations and spin correla-
tions. By contrast, the decay of y. remains insensitive to
beam polarization.

Looking forward, our work provides a theoretical
toolkit for future experiments utilizing polarized beams,
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such as the proposed STCF. Measurements of the de-
tailed angular distributions and spin correlations with po-
larized e*e™ collisions will offer unprecedented precision
to test the quark model calculations, scrutinize the heli-
city selection rules, and probe potential contributions
beyond the dominant E1 transition. Furthermore, the pre-
dicted strong spin entanglement in y., decays and the po-
larization-dependent entanglement witness in y., de-
cays open a promising avenue to explore quantum entan-
glement in high-energy physics, potentially using these
processes as a sensitive probe for new physics beyond the
Standard Model.

APPENDIX A: SPIN WAVE FUNCTION OF y,,

The spin wave functions of y. in its rest frame are
taken

Euv(o) = %(Eu(l)ev(_ 1) + ZEﬂ(O)GV(O) + Gu(—l)Ev(l)),
€n(xl) = %(@(il)&(o) +€,(0)6,(x1)),
e (£2) = €,(x e, (£1). (A1)

1 .
Here, €(+1) = i%(O, 1,+1,0)" and €(0) = (0,0,0,1).

APPENDIX B: BARYON WAVE FUNCTION

In the naive quark model, the wave functions are con-
structed as follows. For the proton and neutron, neglect-
ing the mass difference between the u and d quarks al-
lows their flavor-spin wave functions to be explicitly ex-
pressed within the SU(6) group representation. Within
this framework, the flavor wave functions of the proton
and neutron are given by:

where ¢, and ¢;, denote the antisymmetric and sym-
metric flavor wave functions of the proton and neutron,
respectively. The overall flavor wave function exhibits
mixed symmetry. The spin wave function of the spin-1/2

state with spin projection A = 1/2 is given as follows:

1

/\/%= ﬁ(ITlTHlTT)),

1 1

=—-— -2 . B2
X1 \/g(llTTHITlT) [TTL) (B2)

For the proton and neutron, the total spin-flavor wave
1

function reads ¥, = —=(¥*¢* +x"'¢").

u ): \/E(X ¢D X ¢

For the octet baryons (A,X,Z), the flavor wave func-

tions are taken

1
opn = —=(uds —dus),

V2
1
= —(uds +dus),
¢20 \/E(
Ps+ = uus,
¢P=o- = ssu, ssd. (B3)

The spin wave function for the spin 1/2 states with z-

projection A =1/2

L i1 1)

XA = %
1
Xso+ = %(I TUD+LTD =21 TN,
1
=0- = —= -2 . B4
X= \/€(| D+ =21TTL) (B4)

Thus the wave functions are constructed as Wy = ¢yyy
with ¥ = A,X%Z*) and Z°(E°).

1 1
= —(udu—duu), ¢ = —=(udd—dud),
% =5 . o= )
1 1
A = —— (duu + udu - 2uud), ﬁ: —(udd + dud - 2ddu),
&, \/6( ), ¢ \/6( )
(BD)
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