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We present a comprehensive polarization analysis for the process e™e™ — J/y — baryon-antibaryon
pairs By B,. All possible helicity amplitudes for e*e~ — J/y and J/w — B, B, are provided, along with
their transformation properties under parity and CP operations. Taking full account of beam polarization,
we analyze the polarization of the J/w produced in e™ e~ annihilation and show that all eight independent
polarization components can be nonzero. By introducing a polarization transfer matrix, we propose a novel
method to compute the polarization transfer in the decay J/w — B;B,. Considering both hadronic and
radiative baryon decay models, we derive the joint angular distribution of the final-state particles. Focusing
on the process J/y — AL, we provide statistical uncertainty estimates for probing CP violation in
associated production of different baryons. This work establishes a complete framework for studying the

parity and CP violations present in baryon productions and decays within the helicity formalism.
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I. INTRODUCTION

Verifying the symmetries of physical laws and their
violation across different energy scales has played a central
role in advancing our understanding of particle interactions.
Parity violation, originating from weak interactions, was
first proposed by Lee and Yang [1] and soon confirmed by
the beta decay experiment of polarized ®)Co nuclei [2] and
subsequent meson decay experiments [3,4]. Meanwhile,
CP violation, a necessary condition for matter-antimatter
asymmetry in the universe as proposed by Sakharov [5],
still faces many unresolved issues.

The CP violation was first experimentally discovered in
meson decays. In 1964, Brookhaven National Laboratory
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observed CP violation in the decay of neutral K mesons,
marking the first observation of CP violation in a process
involving the strange quark [6]. Later, CP violation was also
observed in the decays of B mesons, which involve b quarks,
by the BABAR Collaboration at SLAC [7] and the BELLE
Collaboration at KEK [8]. More recently, the LHCb
Collaboration reported CP violation in the decays of D°
mesons, which involve ¢ quarks [9]. These CP violations
effects can be explained within the standard model (SM) via
the weak interaction and the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix [10,11]. However, the amount
of CP violation predicted by the SM is insufficient to explain
the observed matter-antimatter imbalance in the universe
[12]. Theoretical models have also proposed the possibility
of CP violation in the strong interaction [13-16], but
experimental evidence has not yet been found [17]. As a
result, searching for signals of strong CP violation and for
new sources of CP violation beyond the SM across various
energy scales and in different reaction processes remains a
key focus in modern particle physics.

The first search for CP violation in hyperon decays was
conducted by comparing the branching ratios of the decays
of =% and £~ [18]. Although no signal of CP violation was
observed, this search sparked significant theoretical interest
in exploring CP violation through hyperon decays [19-24].

Published by the American Physical Society
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Recently, the LHCb Collaboration reported the first obser-
vation of CP violation with a significance of 3.1¢ in decay
A) > AKTK~ [25] and 5.26 in decay AY) — pK~n'zn~
[26], respectively. However, no evidence of CP violation
has been found in ordinary hyperons [17].

Electron-positron annihilation at the J/w mass peak
energy benefits from a significant enhancement in the cross
section, offering high-statistics opportunities for studying
baryon properties through processes such as J/y — BB,
[27]. Theoretical studies on the polarization correlations of
baryon pairs in such processes provide valuable opportu-
nities to probe baryon CP violation [28-38]. The BESIII
Collaboration, which has accumulated the world’s largest
J/w sample, has provided precise measurements of the
decay parameters for baryon hadronic decays such as A
[39,40], X [41,42], and E [43-45]. Recently, BESIII has
also reported hints on CP violation measurements in
associated production of different baryons, J/y — AZ
[46], and baryon radiative decays [47-50]. The proposed
STCF experiment [51] will significantly expand the data
samples, increasing J /iy statistics by 2 orders of magnitude
in one year compared to BESIIL

Theoretical studies of CP violation in hyperons have been
extended to investigations of CP violation in baryon pro-
duction processes [52—54], including scenarios with polar-
ized beams [55-60]. A key focus of these studies is to
establish the joint angular distribution of the final-state
products. As the amount of data grows (for example, in
future STCF experiments), precise measurements of CP
violation need to account for specific experimental condi-
tions [55-60]. In the BEPCII/BESIII experiment, because the
electron and positron beams cross at a small angle of 11
milliradians, the polarization of the J/y particle is slightly
different in the lab frame compared to its center-of-mass
frame. This difference must be considered when measuring
CP violation. On the other hand, the effects of the electron
mass and the structure of the coupling vertex between the
electron and the J/y have often been neglected. In CP
violation studies, these factors can introduce critical correc-
tions and must be carefully considered.

This paper presents a refined polarization analysis for the
process ete” — J/y — B;B,. We perform a detailed
polarization analysis in both the production and decay
subprocesses of J/y, as well as the decay of baryons,
within the helicity formalism developed by Jacob and Wick
[61]. This helicity-based approach is equivalent to describ-
ing the production and decay subprocess of J /iy in terms of
particle form factors and baryon decays in terms of partial
wave amplitudes. We explicitly establish the correspon-
dence between helicity amplitudes and particle form factors
or partial-wave amplitudes.

A comprehensive polarization analysis for the subprocess
ete™ = J/y is provided with all possible helicity ampli-
tudes, including parity violating and CP violating ones.
These amplitudes are connected to the anomalous magnetic

moment form factor and the electric dipole moment of the
electron. We also take into account the spin-flip helicity
amplitude arising from the electron mass. By matching the
helicity amplitudes with the electron form factors, we
estimate their magnitudes. We further analyze the effects
influencing beam polarization, particularly emphasizing the
mixing of transverse and longitudinal polarization when
transforming from the laboratory frame to the center-of-mass
frame. Based on these, we provide a detailed analysis of the
resulting polarization of J/y.

The complete polarization analyses of the subprocess of
J/w decay to both baryon-antibaryon pairs BB and to
different baryons BB, are presented. The helicity ampli-
tudes corresponding to parity conservation, parity viola-
tion, and CP violation are introduced. For the process
J/w — BB, the helicity amplitudes are associated with the
form factors of the baryon B, and for the process
J/w — B,B,, they correspond to the transition form factors
of B|B,. We establish the correspondence between the
helicity amplitudes and the form factors and provide the
method to search for CP violation within the helicity
formalism. Furthermore, a novel approach to represent the
polarization transfer in the J — BB, subprocess is intro-
duced via the polarization transfer matrix.

We provide the complete expression for the joint angular
distribution of the final-state particles. The polarization of
hyperons can be measured through their decay processes. We
focus on the hadronic and radiative decay of hyperons,
providing the helicity amplitudes and the polarization trans-
fer matrix for these decay processes. By combining polari-
zation analyzes of J /y production subprocess, its decay into
baryons, and the decays of baryons, we present the complete
expression for the joint angular distribution of all final-state
products. Focusing on the process J/y — AZ’, we provide
sensitivity predictions for the helicity amplitude parameters
and their associated transition form factors. When combined
with measurements from the conjugate channel J /iy — AX0,
this allows the search for potential signals of CP violation.
These isospin-violating processes are particularly sensitive to
electroweak interactions, making them valuable for inves-
tigating CP violations.

The structure of this paper is as follows. In Sec. II, we
present the polarization analysis of the subprocess
ete” — J/w. In Sec. Ill, we provide the polarization
analysis of the subprocess J/y — B;B,. In Sec. IV, we
discuss baryon decays and provide the complete joint
angular distribution. Focusing on the J/y — AZ? process,
the sensitivities to the transition form factors are provided.
Finally, we present a short summary in Sec. V.

II. POLARIZATION ANALYSIS
IN PRODUCTION OF J/y

In high-energy reactions, the polarization state of par-
ticles is described by their spin density matrix. We begin
with a systematic analysis of the beam polarization and
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derive the spin density matrix for J/y in the helicity
formalism. As the spin-1 particle, J/y has eight indepen-
dent polarization components. For the subprocess
eTe™ = J/y, the polarization of J/y is primarily deter-
mined by electron (anomalous) form factors and the
polarization of the initial beams. Taking both effects into
account, we derive the full expression for the polarization
components of J/y.

A. Spin density matrix
In the helicity formalism, the spin density matrix of the
particle with spin s can be expressed as [30,34]

4s(s+1

)
pe= D SuZ (1)

u=0

where S, are the polarization expansion coefficients, and
%, are the corresponding polarization projection matrices.

For the spin-1/2 particle, the spin density matrix is
given by

S/z = {50’51’52’53}’
1
z, :E{I’ ax,ay,oz}, (2)

where 6, o, and ¢, are the Pauli matrices, S, corresponds
to the cross-section term, and S; represents the polarization
terms. These polarization terms are related to the Cartesian
spin components through the following relation:

{81.85.83}/S0 = {S}. 7. S} (3)

Then, the spin density matrix for the initial-state positron
and electron can be expressed as

S Tr o
p+_1<1+SL ST—zST> or o

2\ 4i8 1-8§,
L/ 1+S,  Sp—iS)

p‘z—( Lot lT) for e™. (4)
2\ss+is) 1-5,

Under realistic experimental conditions, various factors
contribute to beam polarization. For circular accelerators,
charged particles experience spontaneous polarization due
to their motion in magnetic fields, a phenomenon known as
the Sokolov-Ternov effect [62]. The direction and magni-
tude of the positron and electron spontaneous polarization
depend on factors such as the magnetic field strength, beam
|

S, _ s 3 sin @
et — m L,lab’m

S sin @

2
Se- = SL1abs
<\/1 N gy

qx (v
SLiab + ST 1ap €08 6, ST 1y

X y X o
SLiab T ST 1ab €08 6, =S7 s ST 14 SIN O —

laboratory frame

A

Zet

. x
L+ :ie
z
- - - e—— - - - ~— - - -
Ze-

center-of-mass frame

FIG. 1. Comparison of the laboratory frame (upper) and center-
of-mass frame (lower) for positron-electron collisions.

energy, beam lifetime, and so on. Furthermore, experiments
such as the proposed STCF [51] aim to prepare a polarized
beam as the key design feature. For collider experiments at
circular accelerators, the two beams typically intersect at a
small angle at the interaction point [63]. As a result, the
laboratory frame generally does not coincide with the
center-of-mass frame. When polarization vectors are trans-
formed between these frames, transverse and longitudinal
polarization components can mix.

The coordinate systems of the laboratory and center-of-
mass frames are shown in Fig. 1. In the laboratory frame, the z
axis is defined as the bisector of the angle between the
direction of the positron beam and the opposite direction of the
electron beam. The plane formed by the two beam directions is
taken as the x-z plane. The momenta of the positron and
electron in this frame can be expressed as follows:

m
P, = ———(1,Bsin0,0, B cosH),
m :
P, = =(1.Bsin 6,0, - cos 0). (5)

VI-p
where £ is the velocity of the beams. The polarization vectors

of the positron and electron in the laboratory frame are then
given by

cosf - -
. .
SLab — ST’lab sin 9) ,

1= ﬂ2
J%s) . (6)
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To transform from the laboratory frame to the center-of-mass frame, we apply the following Lorentz boost matrix to the

beams:

psin

1
V/1=47sin20

psin O

A= ipsine
0

0

T /1—Psinte 00
1
V/1-p2sin26 00 . (7)
0 10
0 0 1

Using this transformation, the momenta of the positron and electron in the center-of-mass frame become

m
P, = ————|1/1—p%in%0,0,0, Bcos 9),
V1=p (
P, = \/IL——ﬂz (\/ 1 — f*sin%6,0,0, —f cos 9). (8)

Correspondingly, the polarization vectors of the positron and electron in the center-of-mass frame are

Ser =

pcosd ( S1 1ab

<J1 —Bsin’(0) \/1 -

S5 1ab €080 4 \/1 = 78 11, 5in 6 3

V1 — p*sin’0
Pcosd ( SL1ab
C
— fsin?0 \\/1 — 2

o <\/1

1 — p?sin?(0)

When further transformed into the helicity frame of the
positron and electron, one can extract their polarization
components as

TlabcosH—i— V1 =B 1 s1n9
V1 = p*sin’0

8 =

S}f = S;",lab’
g Spyapcos — /1 — 285, sinf
L= )
V1 — p%sin’6
o STapcosf—+/1-p SLlabsmé
! V1 — p%sin’6
;" - S;",lab’
SL.lab cos @ + 1-— ﬂZSJTC,.lab sin @

/1 = fsin’0

Since the initial beam polarization is generated in the
laboratory frame, while theoretical polarization analysis is

S, = (10)

=c0s 0 — 571, Sin 9> ,

S1 1ap cOS 0

> OT lab? ﬁ

—
= 87 1ap SID €> ,

080 — ST, sin 9) ,

S5 1 €08 O + /1 — 7S, 1, sin O

S cosd
y X . L.lab
» = ST Jabs ST 1ab SIN O — — |- )

VI-p

|
typically performed in the center-of-mass frame, experi-
mental observables must also be transformed into the
center-of-mass frame for consistency. This transformation
leads to a mixing of longitudinal and transverse polariza-
tion components, which ultimately affects the joint angular
distribution of the final-state particles. Therefore, such
effects can manifest themselves in experimental measure-
ments and should not be neglected.

For spin-1 particles, such as J/y, their spin density
matrix can be expressed as

8
pr=>_S.3, (11)
u=0

The polarization expansion coefficients S, and the polari-
zation projection matrix ¥, can be determined according to
the approach described in [34]. For S,, we adopt the
following scheme:

096012-4



POLARIZATION ANALYSIS IN eTe™ - J/y — ...

PHYS. REV. D 112, 096012 (2025)

FIG.2. Theete™ — J/y process in c.m. frame. The coordinate
SYSIEMS X+ — Yot — Zoty Xo- — Voo — Zo-», and x —y — z are the
helicity frames for positron, electron, and J /.

s s s, s

S_o Sy S4 S5 o= S’; S Sir ¢ (12)
Se S7 3 Sir St Str

where S;, ..., S7r are the spin components of the spin-1

particle in Cartesian form, as detailed in Appendix A. The
explicit expression of X, in this scheme is provided in
Appendix B

B. Production amplitudes for the subprocess
ete” - J/y
For the subprocess eTe™ — J/y, as showed in Fig. 2,
the helicity amplitudes can be written as

Ace h?e + hge h;e - hfle (13)
My hse + hie he]ze _ hge >

where A; and A, are the helicities of the positron and
electron, respectively. Then, we have

hee = (A,“] A% ),

e =5 (s A ).
1

hee — 2 (A;i: Aee )
1

hff:_( eeu_AfeL>- (14)
2 722 272

These helicity amplitudes are correlated to the scattering
amplitudes expressed in the (anomalous) forms factors of
the electron, which are given by

- ic"%q,
My =010 (@4 Fal) o P
2"y
+F4(q”) om 5 u(p2.42)e,(q.x), (15)

where ¥ and u are the spinors of the positron and electron,
respectively. pi(ps), 41(4,), and m represent their

momenta, helicities, and mass. ¢, and g = p; + p, are
the polarization vector and momentum of J/y, and k =
A1 — 4, is the helicity of J/y. The form factors F', F,, and
F, correspond to the charge, the anomalous magnetic
dipole moment [64], and the electric dipole moment form
factor of the electron, respectively, and F; represents the
parity violation form factor. In the timelike region, these
form factors can be complex.
At one-loop order, the anomalous magnetic moment of
the electron, see, for instance, in [65], is given by
2(x +y)? = Q%xy

am / / 1= x
m? —\/ 0% —4m?
ﬂQ\/QZ 4m Q + 0T —4m?’
. _ 2 _ 2 . . .
with Q = \/¢* and a = ¢*/(4x). The parity violation form

factor F5 arises primarily from the contribution of Z-boson
exchange,

(x+y) (1-x-y)

(16)

E%(4cos20y — 1)

Fi(q*) = ,
(4) = ST Zeos 40y = 3E2(3 = 2003 20y)

(17)

where E,. = \/?/ 2 represents the beam energy in the
center-of-mass frame, M, is the mass of the Z boson,
and 6Oy, is the weak coupling angle. The electric dipole
moment form factor F, is related to the electron’s dipole
moment d, by

Fy
d, = 18
=t (18)
According to the experimental constraint d, <
4.1 x 1073% ecm [17], we obtain
|F4 < 6.43 x 10720, (19)

It is evident that the contribution from the electric dipole
moment is much smaller than the contributions from the
other terms.

Since Egs. (13) and (15) are -equivalent, i.e.,
A, = M, ;,» we derive the relationship between the
helicity amplitude and form factors,

2E?
h$e = 2mF,(q*) — 7F2(q2)’
h = 2V2E, (F\(¢%) = F»(¢?)),
2F.
h§¢ = i=—=\/E2 — m*F,(q%).
m

hee =224/ E2 — m2F5(¢?). (20)
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We normalize these amplitudes with A$° and parametrize
the helicity amplitudes in the following scheme:

hee .
iz = Ve,
hs
hee .
% Y a2el(p2’
hs
hs¢ 4
Tee — Vaze's. (21)
hs
At leading order, we obtain
E ./ E?—m?(4cos20y —1
V=g eV e ( oW ) 2331074,
MZ(1—cos46y,) —3E%(3—2c0s20y)
m E? }
\ ar :ﬁ (1 _WFZ(qZ)) ~2.36x10 4,
/EZ
’ <1.38x10716, (22)

We find that although the parameter a5, associated with the
electric dipole moment of the electron, is negligibly small
|

S0:1—|-a1—|-a2—|-a3—

and can be safely ignored, the parameters a; and a,, which
are related to the electron mass, anomalous magnetic moment,
and Z-boson exchange, remain important for polarization
analysis, especially in investigations of CP violation.

C. The polarization components of J/y

The production density matrix of J/y for the subprocess
e”et = J/y can be expressed as

pllY =2 Z DY, _,.(0,0,0)D}
A A Ao da

+ - *
X P Pan i A A s

11,(0,0,0)

(23)

where D} ,(Q) = D} ,(0.0.,0) is the Wigner-D matrix. We
can then obtain the polarization components of J/y, which
are given by
Trlp/V's
S, = Tl %l (24)
Tr [Z”Zﬂ]

Substituting Eqgs. (13) and (21) into the above expression,
we obtain

(1+a,—a;—a3)S.S;,

+ (ay = a3)(S387 = 5787) = 2y/ai (S, — S..) cos g
+2y/axaz[(S, + S.) cos (¢, = @3) = (S3S7 + S3-S7) sin (¢ = ¢3)],
Sy =(1+a)(S,—S.)—2/a;(1 —S8.5.)cosg,
S, = V2{ /@[ (5% + S&) cos @ + (5,5 + S, S}) sin ¢, ]
+\/as[(S. S + S.S7) cos @3 + (53 + S7) sin 3]
a1ay|(S,St — S,.87) cos (@1 — @a) + (S = Sp) sin (¢1 — @,)]
araz|(S5 — S7) cos (1 — @3) + (S.S7 = SL.7) sin (1 — @3)]},
S3 = \/5{\/‘1_2[(Syr — Sy) cos @y + (SLS)f — 8,.57) sin )]
+\/as((S.S7 = S.S7) cos 3 + (S} — S7) sin 3]
+ ara[(SLSt + SLST) cos (p1 — @2) + (5§ + S7) sin (1 — )]
+ Vaaz[(Sy + 1) cos (¢ — @3) + (SL.SF + SL.SF) sin (@1 — ¢3)]},
Sy = %{1 +a; —2a, —2a; — (14 a; +2a, +2a3)S, S,
—2y/a;(S, = S.) cos @y — 2(ay — a3)(S3St — S757)
—4/ayas((S, + Sp) cos (¢ — p3) = (5387 + 5787 sin (@2 — @3)]},
Ss = V2{\/ay[(S. S} — S.8}) cos g, + (S — 5) sin ]
+ /az[(S% — S¥) cos 3 + (S‘LSy S, 87) sin 3]
aray|(Sy + S3) cos (@1 — ¢2) = (S.S7 + S,.57) sin (¢1 — @,)]
aras|(S,Sy + S.S%) cos <€01 @3) = (S + S7) sin (@1 — @3)]},

= \/E{—\/@[(SLS}T + 8,.87) cos @y — (S} + S} sin o]
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—Va3[(S) + S}) cos o3 — (5.3 + S1.S}) sin s3]

aray[(Sy — S7) cos (1 — o) + (S.SF = SL.5%) sin (1 — ¢)]
araz((S,St = S,.87) cos (@1 — @3) + (S} = S7) sin (@1 — @3)]},
7= (1-a\) (S8} + 5757) = 2/a (S5} = $5.57) sin gy,
Ss = (1= a1)(S7SF = S57) + 2/ai (S§:57 + S757) sin . (25)

Based on Eq. (22), and by neglecting the complex phase of the helicity amplitude and the small contributions from the terms

related to the electric dipole moment, we obtain
SO =1 +Cl] +612—(1 +a1 _a2)SLSL
Si=(1+a)(S,-S.)
S, = V2[\/ay (55 + Sf) -

2@ (3,
—-2y/a(1-5.8.),
\/alaz(S‘LS)% - SLS‘;)]’

—S;) + ax (5387 — §757).

Sy = V2[ar (5 — 83 + ara> (3.8 + S.5%)).

Sy = ! 1+ a
2

Ss = V2[\/ay (5,55 - 5,.57) —

Se = V2[=\/a (S, Sy + S.87) -

S7 = (1 —ar)(S}5% + 57.57),

Sy = (1 - a\) (5757 — S357).

By substituting the expressions of the polarization
components above into Eq. (12), one can obtain the spin
components of J/y in Cartesian form. We retain the
leading-order contributions from a; and a, to analyze
these Cartesian polarization components. Notably, two
polarization components remain nonzero even when the
beam is unpolarized,

SV = -2/aj.

, 1
SiL=5-

. 1)

When the beam is polarized, these components are modi-
fied to

S, S, =S \?
sV = 7—2./—1— SLPL
1-58,8, 1-5,8,

s 1 3ay(1+ 8.8, + S48 — S3.87)
SV, =—|1- _ :
1-5,5,

. (28)

The longitudinal polarization component SY of J/y is
sensitive to both beam polarization and weak coupling at
the electron—J/y vertex. This makes it a potential observ-
able for probing the weak mixing angle 0y.

The two components of the transverse tensor polariza-
tion are significantly affected by beam polarization:

—2a; = (1 +ay +2ay)S. 8, = 2\/a; (S, = S,)

Vaay(Si + Sp)l.
Vaay(Sy = 7)),

= 2ay(S7S7 = $757)],

(26)
|
S'xsx _|_S‘)'Sy
Sxx,y/: 1+2 TT_ TT’
" ( fZ—&&)l—&&

: S7.8% — S%.87
Sxyﬁl//: 1+2 TT_ T~T 29
r ( \/_1—SLSL> 1-5.5, (29)

The remaining four polarization components are slightly
influenced by the beam polarization. Their contributions
are suppressed by the smallness of the electron mass and
the anomalous magnetic moment form factor,

_ V2a(S; + 57)
1-5.5;
- Vzaz(S’T’ - SyT)
B vzaz(SLS_? - 5.5%)
1-5.5;
\/Q,le(SLS}]}w -+ SLS%)

’

Xy
St

s

’

Sir = (30)
When the electron mass and form factors are neglected, the
polarization of J/y reduces to the form discussed in
Refs. [56,59]. Furthermore, if beam polarization is also
ignored, the J/y polarization simplifies to the case pre-
sented in Ref. [30], where S7, =1/2 and all other
polarization components vanish. Under conditions of
beam transverse polarization, these specific polarization
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components of J/y provide access to the anomalous
magnetic moment of the electron in the timelike region.

III. POLARIZATION ANALYSIS IN DECAY OF J /y

In the helicity formalism, we present a complete polari-
zation analysis of the decay of J/y into baryon-antibaryon
pairs. The analysis is divided into two types: baryon-
antibaryon pair production and associated production of
different baryons. By introducing helicity amplitudes that
account for parity and CP violation, we define observables
that can be used to search for CP violation signals. Finally,
we propose a novel expression to represent the polarization
transfer for the subprocess J/w — B, B,.

A. Decay amplitudes for the subprocess J/y — BB

For the subprocess J/w — BB (see Fig. 3), where B is
the antiparticle of B (e.g., J/w — AA), the helicity ampli-
tudes can be written as

hy + hy
Ay, = <

h2+h4> G31)
hy — hy '

hy — hs

where 1, and 1, denote the helicitiess of B and B,
respectively. Then, we have

1
h=5 (A +Al ).
1
= (A +Ay).
1
=5 (A= ay).
1
h =3 (AH - A_%%) (32)
y -
/,//’//ﬁBl (0’ ¢)
ﬁ: R e >
B, /_,/ z ﬁe*
- - Pg,
ZEZ
Yz,
FIG. 3. The J/w — BB, process in J/y rest frame (helicity

frame). The coordinate systems xg, — yp, — Zg,» X3, — Y&, — ZB,»
and x — y — z represent the helicity frame for B, B,, and J/y,
respectively. € and ¢ denote the production angles of the B,
baryon in the J/y rest frame.

Under parity and CP transformations, the helicity ampli-
tude follows the transformation relations:

_ Parity Transform
BB _ _1\/—s1—s2 AB
A/I,./Iz = PBPBPJ/y/( 1) ! 2A_,1],_12’

_ Charge Conjugation
ABB R
A4

Ny (1)’ AZ5,.
ABB CPTransformP pop . Josi—s, . JABB
= I'pl'B J/y/( ) ’71/1,/( ) =0yt

(33)

where Pg, Pp, and P, represent the parity of B, B, and
J/w, and J, sy, and s, represent their spins, 7, is the
charge parity of J/y, and (—1)” is the charge parity of the
fermion-antifermion system BB. We obtain that &, and h,
correspond to amplitudes that conserve both parity and CP,
hs corresponds to an amplitude with both parity and CP
violation, and A, corresponds to an amplitude with parity
violation but CP conservation.

These helicity amplitudes are related to the form factors
of the baryon B, which are introduced by

io'q,

My =ap1a0) (F I+ o) Gt P
a*q,
R T o)), (34)

where it and v are the spinors of B and B, p; and p, denote
their momenta, and M is the baryon mass. ¢, denotes the
polarization vector of J/y, and ¢ = p; + pr, k =41 — A,
are its momentum and helicity, respectively. The form
factors F|, F,, and F, correspond to the charge, magnetic
dipole moment, and electric dipole moment form factors of
the baryon B, and F; represents the parity violation form
factor. These form factors can be complex in the timelike
region. The relation between the electric dipole moment
form factor and the electric dipole moment dp is given
by [52,53]

1 2e
—F(q*) = ——qgyd
57 Fald’) 3”3”/9\/ B> (35)

where M, is the mass of J/y, and g, = 1.286 GeV? is
the effective coupling constant between the charm quark
and J/y [54].

According to Eqs. (31) and (34), we derive the corre-
spondence between the helicity amplitudes and the baryon
form factors:
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TABLE 1. Based on the measurements in [40,42,44,45,49] and
the calculations in [54], along with Egs. (36) and (37), we
calculate the size of the parity-violating parameters for the
J/w — BB processes.

Process a b2
J/w = pp 2.39 x 1077 T
J/y — nin 291 x 1077 0
J/w = AA 1.22 x 1077 0
J/y — 2050 1.98 x 10713 0
J/ll/ N Y Y 1.02 x 1077 s
JJy — S5+ 0
J/y — EOE0 1.23 x 107 0
J/w —» 25t 1.90 x 1077 0
E2
P
hl = 2M<F1(q2) + WFz(q2)> = ZMGE,
hy = 2V2E.(F\(¢?) + Fa(¢?)) = 2V2E.Gy,
2E
hy =i MC \ EZ = MPF4(q?),
hy = 2V/24/ E2 = M*F5(q?). (36)

where E. = \/q?/2 represents the beam energy in the
center-of-mass frame. We parametrize these helicity ampli-
tudes in the following scheme:

V2
]’l] = 7 1- (XW,
hy = /1 -+ Ot,l,e_@,
h3 = \/a_lei‘ﬁl’

h4 = 1/ 2a2€i¢2. (37)

The estimated sizes of the parity violation parameters for
various baryon production processes are summarized in
Table L.

B. Decay amplitudes for the subprocess J/y — BB,

For subprocesses J/w — B;B,, where B, is not the
antiparticle of By (e.g., J/y — AX0), the helicity ampli-
tudes can be expressed as

hy + h;
Al],lz = <

hy + h4> (38)
hy — hy '

hy = hs

where A, and A, denote the helicities of B, and B,,
respectively. Under parity transformations, the helicity
amplitudes follow the transformation relations:

B, B, Parity Transform

_si—s, AB1B
AP = Py Py Py, (-1 AR (39)

where Pg , P, and P, are the parities of By, B,, and
J/w, and J, s;, and s, are their spins. For the process
J/w — AZ°, we obtain that &, and h, correspond to the
amplitudes where parity is conserved, and /3 and hy
correspond to amplitudes with parity violation.

For subprocesses J/y — B|B,, the helicity amplitudes
are related to the transition form factors of B, B,, which are
introduced by [34,66]:

io"q,
M+ M,

o"q,
M, + M,

X v(p2, A2)€u(q. %), (40)

M, = a(pr. A) | Fi(g*)r* + Fa(q?)

+ F3(q*)r*ys + Fu(q%) 7s

where it and v are the spinors of the baryons B, and B,, and
Pi> P2s My, M, are their momenta and masses. ¢, is the
polarization vector of J/y, and ¢ = p| + pr, k =4 — A
are its momentum and helicity. F, F»,, F5, and F, are the
transition form factors for the production process of
J/w — ByB,. Using the CP transformation properties of
fermion bilinears, we obtain the following relations
between the form factors for the conjugate processes
J/w = BB, and J/y — B,B,,

B\B B,B
Fll 2 :_PBIPBZPJ/II/;/IJ/I//FIZ 1,
B\B B,B
le 2 = _PBIPBQPJ/'I/’/IJ/WFQ_ l,
B\B B,B
F37% = =Pp P, Pyt F37
B\B B,B
F4] 2 :PBIPBZPJ/W’/,J/WF42 ' (41)
Since Egs. (38) and (40) are -equivalent, i.e.,

A, = M,,,,, the correspondence between helicity ampli-
tudes and form factors is given by

2./1— &
hy = & E (&F, + F),

&
hy =2V2\/1 = &E.(F, + F),
2¢/1— &2
h3—T(§1EC(iF4$§1§2F3)v
24/24/1 = &
hy :%Ec(ﬁqu F i&Fy), (42)

where & = (M + M,)/\/q* and & = (M, — M2)/\/ ¢,
with M| and M, representing the masses of B; and B,
respectively. The sign — before &, corresponds to the
process J/y — B B,, and the sign + corresponds to the
conjugate process J/y — B,B;. For specific reaction
channels such as J/y — AX? and its conjugate process
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J/w — XA, the helicity amplitudes satisfy the following
relations:

ALY _ p3OA _ pASO
h’l - hl - hl ’
hAio _ hZ‘.O/_\ _ h/_\ZO
h/\EO

hEOA hAZU

nyE =y = —np>. (43)

The helicity amplitudes are parametrized as follows:

AS0 NS
{ap™ . o

{q)AZO’ ¢11\20’ ¢/2\i°} _

50 0 A 0 A
b’} = {aZh o',

{(DZOA’ P

Notably, the amplitudes /3 and h, involve mixtures of
the CP-even and CP-odd form factors. To separate these,
we introduce an alternative parametrization scheme. We
define new helicity amplitudes

hsy = h/3 + 5152}%
hy = V2(& k), F &), (46)
Then we have

2,/1-8
= = Uk F,
1

1 22
K, = 22151 E,F;. (47)

For the specific channels J/y — AZ’ and its conjugate
J/w — XA, the CP conservation requires

- o

h/]\): — h% A

- o

hlz\}: — h% A’

- .

WA = A,

WA = pEA, (48)

We then adopt the following parametrization scheme for the
helicity amplitudes:

We have

+ ¢%"A, #0) =

V2
h] = 7 1 - av,,
hy =TT aye-i®,
et \/aeiq&l7

h4 = \/ 2(12€l¢2. (44)

Under CP conservation, the parameters satisfy the follow-
ing relations:

0 0 0
= (e o o),

{(I)AZO’ 7+ N w4 ph'Y. (45)

[
a) = &) + E1&a, F 28,6/ oy cos(d) — b)),
520‘1 + gza + 251‘52\/ aya cos(¢y — ),
Vasingy F §i6/a Sln¢2
Var
V) cos @y F &6/t cos ¢'
NG
Sivaysingh F &H\/a Sln(ﬁ’
NG
Siv/aycos gy F &rn/a cos ¢’ (50)
NG
By comparing these conjugate production processes, one
can search for signals of CP violation. For example, for the

processes J/y — AX? and J/y — XA, based on Eq. (48),
CP conservation requires

sin¢gy; =

cos¢p; =

sin¢, =

cos ¢, =

50 50 $0 0 A 0 A 0 A
{aAZ a/AZ a/AZ}: aZA /EA /EA

y 01,0 RS
{q)Aio’ ¢/1A2°’ /2Ai°} — {q)ZUA ¢/Z°A ¢/Z°A} (51)

For the baryon-antibaryon pair production processes
J/w — BB, the relationships between the form factors
and the partial decay widths of J/y have been provided in
Ref. [54]. Here, we extend a similar analysis to the
J/w — BB, case. The partial decay width for J/y —

B, B, is given by

8 M2 Z|M/1 ﬂz|2 (52)

J/w v

FJ/[//—»BIBZ

where |p| is the momentum of B, (B,) in the rest frame of
J/w. By substituting Eq. (40) into above equation, we
obtain
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M,
Uy by = 242” (1-&)12(1-&)%?

X (2Gi]* + &IGaf* + 2G5 + 1G4l?). (53)

where the recombined form factors G; are defined as

G =F +F,,
F,

Gy = Fy+ 2,
2 é:%

Gy = V1= E(EF;—i&F,)
&v/1-8 ’
V1= E(iFy — £ &F;)
G, = . 54
) fV/1-&7 >

For the process J/y — AZ’, the form factors G, and G,
account for parity conservation contributions, with the

relative phase defined as ®**' = arg (G,/G,). Since the
parity-violating form factors G; and G, are expected to be
small, and their contributions to the decay width are
quadratically suppressed, they can be safely neglected.
Based on measurements from Ref. [46], we obtain

G, = 141 1074,
G, =121 1074,
® = 1.011 rad. (55)

C. The polarization transfer matrix
for subprocess J/y — BB,

The polarization correlations of B, B, for the subprocess
J/w — BB, can be expressed as

B\B "
p/ll /122/1’ /1’ - ZDII(/I]—AQ O 9 ¢) I l/ /2(0,9, ¢)

x piﬁi’Aal WAy (56)

Soo =

W | =

1
+((ZV,—(11+(12) g

+ (S777 cos 2¢p + S7;” sin 2(,{))sin2t9] ,

Si0 = —(Df — 2D5)[SY sin 6 — (

—V2(D3 + D5)(S3 sing —

(3 + @, + 20, + 4ay) +2v2D5[SY cos @ + (

Spr(14+3cos20) + (S;7

S3¥ cos ¢) + V2(D5

where 0 and ¢ are the helicity angles of B in the rest frame

of J/y. pi_/:,’ is the spin density matrix of J/y, and

pﬁ'fj_ﬁ, , represents the polarization correlation density
A2y

matrix (production density matrix) for B, B,. In the helicity
formalism, this density matrix can be written as

BB B B
P, = Zs e, (57)

where S, is the polarization correlation matrix for B\B,,

and Z,lf ' Zfz are their polarization expansion matrices,
given by Eq. (2). We introduce a novel form to describe the
decay process,

S =S)a, ., (58)

where S} represents the polarization expansion coefficients
for J/y, as given in Eq. (12). a,,, represents the polari-

zation transfer matrix from J/w to B;B,, which is
defined by

G =45 S (),

M2 g Al

XZ J/W ’,D;l*i ,1(09‘1’) K A, ,1'(09¢)

/4 /1’ ,12A,1 /%A/v WA

(59)

where Z,f/ ¥ is the polarization projection matrix for J/y, as
outlined in Appendix B. By substituting Eqgs. (31) and (37)
into the above equation, we obtain the specific formof @, ,,
for J/w — BB, as detailed in Appendix C. Then then full

polarization of BB can be expressed as

S7¥ cosp + S5V sin¢h) sin 6]
cos ¢ + S7¥ sin ) sin 20

(60)

ST cos ¢ + S7” sin ) cos ]

- Di) SLL sin 260
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— (S;¥ cosp + Sy¥ singh) cos 20 — ~ (Sxx Y cos2¢p + S7; sin2¢) sin 29}
+ (D§ —2D5)[(S;¥ sing — Sy7 cos @) cos O + (Sy7 sin 2¢p — 77" cos 2¢) sin )],
Sho = V2(D3 4 D5)[SY sin@ — (S5 cos ¢p + Sy sin ¢) cos 6]
— (D§ —2D%)(S7" singp — S3" cos ¢) — (D — 2D%) {SLL sin 26
— (S;% cos ¢ + S7¥ singh) cos 20 — ! (S” Y cos2¢ + Sy sin2¢) sin 29]
+V2(D$ = D)[(S¥ sin p — S)¥ cos ) cos @ + (Syi¥ sin 2¢p — S35 cos 2¢) sin 6],

2V2
S30=——

DS +2DS) + (1 + a, + 2a,)[SY cos @ + (57 cos¢p + S sin ) sin @
3 3 v L T T

1 ,
—V2(D§ - DS) gSﬁL(l + 3¢c0s26) + (S;F cos g + S7¥ sin ) sin 20
+ (S777 cos 2¢p + S7;” sin2¢)sin6 |,

So1 = —(D§ + 2D%)[S] sin@ — (87" cos ¢ + S3¥ sin @) cos ]
+V2(D5 = D})(S3¥ singp — Sy cos ¢p) — V2(DS + D) {SZ’L sin 20
, 1
— (S;¥ cosp+ S7¥ singh) cos 20 — 5 (S77" cos2¢p + S73” sin 2¢) sin 29}

+ (D 4 2D3)[(S¥ sing — S77 cos ) cos O + (S77” sin2¢p — S77 cos 2¢) sin 6],

2
Sn=z0-a,—2a) =587, {g(l —a, —20) -2(1—q —az)sinze]

Q| =

— (1 —a; — ) (S7¥ cos ¢ + Sy¥ sin ¢p) sin 20
+ 2V2D3[(S}Y sin g — S} cos ) sin @ — (S5 sin 2¢p — S5 cos 2¢p) cos 6]
+[(1+ a, —2ay) = (1 — ay — ay)sin?6](S77" cos 2¢p + S5 sin 2¢),

2
S5y :_T‘[D2 V2sYy { D3(1 + 3 cos26) — 2D§sin2t9]

+ V2(D§ 4 D3)(S3¥ cos ¢ + Sy¥ sin ¢p) sin 20
+ (1 + ay, —2m)[(S7¥ sing — Sy cos ) sin @ — (S77" sin 2¢p — S35 cos 2¢) cos 6]

2
+ g [2D3sin?0 — D5(3 + c0s 20)](S77" cos 2¢ + Sy’ sin2¢),

Sa1 = —V2(DS 4 DS)[SY sin@ — (S5 cos ¢ + S3¥ sin @) cos 6]
+ (D + 2D5)(S7Y singp — S3 cos ) — (D + 2DS)[SY, sin 26
1
— (S;¥ cosgp + S7¥ sin ) cos 20 — 3 (S77" cos2¢p + S35 sin 2¢p) sin 20

+V2(D3 = D)[(S}¥ sinp — S)¥ cos ) cos @ + (S5 sin 2¢p — STHY cos 2¢) sin 6],
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Sp» = V2(D3 = D3)[SY sin @ — (S} cos ¢p + S} sin ¢b) cos 0]

+ (D§ + 2D5)(S7 sin ¢p — S7 cos ) + (D§ + 2D3) [s‘{L sin 20

1
— (S;¥ cosp+ S77 singh) cos 20 — 3 (S777 cos2¢p + S7;” sin2¢) sin 26}

+V2(D¢ 4 DS)[(S3¥ sinp — SYY cos ) cos 0 + (Sv¥ sin 2¢p — S5 cos 2¢0) sin 0],

2 1
Sp, = \/_Dz +V2sY, L3 —D3(1 +3cos20) + 2D§sin2¢9]

+V2(D5 = D3)(S}¥ cos ¢p + Sy sin ¢) sin 260
— (1 4+ a, —2m)[(Sy7 singp — S77 cos ¢p) sin @ — (Sy7” sin2¢p — S7;" cos 2¢p) cos 6]

+ g (2D5sin?0 + D5(3 + c0s 20)) (S77" cos 2¢ + Sy sin2¢),

Sy =—=(1—a, —2a;) + S7, 3(l—a —2a;1) + 2(a, + a; — ay)sin’6

w|.—

— (&, + oy — @) (S;7 cos ¢ + Sy7 sin ) sin 20
+ 2V2D5[(S7¥ sin p — SY¥ cos ) sin O — (Sy5¥ sin 2¢ — S5 cos 2¢b) cos 6]
+ (1 4+ a, —2m,) — (a, + a; — ay)sin?6)(S77” cos 2¢ + S7; sin 2¢)),

Sz, = (D +2D5)[SY sin@ — (57" cos ¢p + S3" sin¢p) cos 0]
+ V2(D5 + DS)(S5Y singp — S5 cos ) + V2(D5 — D3) {s{L sin 26
— (S7¥ cos¢ + Sy¥ sing) cos 20 — % (S77" cos2¢p + S sin2¢h) sin 29]
+ (D§ + 2D5)[(S;¥ sing — S7¥ cos ) cos O + (Sy7” sin2¢p — Sy7” cos 2¢) sin 6],

22 ,
So3 = %_ (DS —2D%) — (1 + a, + 2a,)[S} cos @ + (S cos ¢p + S3* sin ) sin 6]

1 ]
—8Y, (1 +3c0s20) + (S;% cos ¢ + Sy¥ sin¢h) sin 20

—V2(D5 + DY) 3

+ (S77" cos 2¢p + S77" sin 2¢)sin29] ’

S13 = =V2(D$ — DS)[SY sin@ — (S3¥ cos ¢p + Sy sin ¢) cos 6]

— (D§ —2D%)(S7" singp — S3” cos ¢) + (D§ — 2DS) {S{L sin 20

1
— (S;¥ cosp+ S7¥ singh) cos 20 — 3 (877" cos2¢ + S7;Y sin 2¢) sin 29}

+V2(D3 4 D3)[(S}¥ singp — Sy¥ cos ) cos 0 + (Syy¥ sin 2¢p — S35 cos 2¢p) sin 6],

Sy3 = (D§ —2D%)[S7 sin@ — (87 cos ¢ + S7” sin ¢) cos ]

— V2(D$ = DS)(S3Y sinp — S3¥ cos ¢p) — V2(D5 + D3) [S{L sin 20
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: 1
— (S;¥ cosp + S7¥ singh) cos 20 — 5 (S77" cos2¢p + S73 sin2¢h) sin 260

+ (D —2DS)[(Sp¥ sing — Sy7 cos @) cos O + (S77 sin 2¢p — S7;" cos 2¢) sin )], (74)
Sy = — % (1+3a, =20y +4ay) — 2\/§D§ [SY cos O + (ST cos ¢ + S sin¢h) sin G]
—(1+a +a) %S%L(l +3c0s20) + (S;7 cos ¢ + S7¥ sin ) sin 20
+ (875" cos 2¢p + Sy sin 2(/))sin29] : (75)
For convenience, we introduce the following D-type functions:
Dy = /1 —alsin®,
D§ = 1/1—al cos @,
D} = /o (1 +a)sin(® + ¢y),
D{ = \/a,(1 + a,,) cos (@ + ¢y),
D} = /oy (1 —a,)sing,,
D§ = /oy (1 —a,)cos ¢y,
D5 = /(1 + al,,) sin (@ + ¢,),
D§ = \/ay(1 + a,) cos (@ + ¢h,),
Dy = \/ap(1 - au,) sin ¢,
D§ = /(1 — ) cos ¢y,
D} = \Jaja, sin (¢ — ),
DS = \Jayay cos (¢ — ¢bo). (76)

The terms D7y, D{, D3, and D arise from CP-violating effects
in baryon production, specifically due to contributions from
the baryon electric dipole moment. The terms D3, DS, D3, and
Dj originate from parity-violating effects, which are asso-
ciated with the contribution of the parity-violating form factor
F5. Finally, the terms D and D¢ are affected by both CP-
violating and parity-violating effects in the baryon production
process. When neglecting the electron form factors and
assuming unpolarized beams, S¥, =1/2 and all other
polarization components of J/y can be set to zero. Fur-
thermore, if we also neglect parity-violating helicity ampli-
tudes for baryon-antibaryon pair production processes, the
expression simplifies to the form given in Ref. [30].

For the subprocess J/y — AZ’ and its conjugate chan-
nel J/y — X°A, the polarization correlation expressions

derived above remain applicable. The angles 6 and ¢
represent the production angles of the first baryon appear-
ing in the expression. For example, for the process
J/w = AZ°, @ and ¢ denote the production angles of
the A in the J/y helicity frame. Correspondingly, for the
process J/yr — XA, these angles describe the production
of the X¥ in the same reference frame. The constraints
imposed by CP conservation on the parameters are given in
Eq. (45). Alternatively, an equivalent parametrization can
be adopted, in which the parameters a;, ay, ¢p1, and ¢, are
replaced by @, &}, ¢, and ¢, as defined in Eq. (50). The
corresponding CP conservation relations for these param-
eters in the conjugate processes are presented in Eq. (51).

Moreover, certain polarization components of J/y
produced directly in electron-positron annihilation are
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small. However, for J/y production via alternative mech-
anisms, significant polarization may be present across all
independent components. For example, the decay chain
ete™ - y(28) - J/wX can lead to a more diverse polari-
zation structure. Our formalism provides a complete
framework for experimentally accessing all independent
polarization components of J /.

D. Symmetry analysis of baryon-antibaryon
polarization correlations

In the absence of parity and CP-violating effects, the
polarization correlations of baryon-antibaryon pairs satisfy
the symmetry relation

S;w (9’ ¢) =

This symmetry no longer holds when parity and
CP-violating effects are included. To analyze the impact
of parity and CP violation in hyperon productions, we
define the following observables:

Sy(r—0.7+ ). (77)

ASU = Sij + S

Ji?
When the azimuthal angle ¢ in hyperon production
processes is not considered, i.e., by integrating over ¢,
the baryon-antibaryon polarization correlations reduce to
those that depend only on the purely longitudinal polari-
zation components S7 and S7,. In this case, a parity-
violating observable sensitive to baryon-antibaryon pro-

duction is given by
881, = 428", D3 sin? 6. (79)

According to Table I, the parity violation effects in different
production channels are illustrated in Fig. 4, assuming

x1073
T I T I T I T

1.6~ — Jig>AR |
1.4 B - JigoET ]

N Jig-32'Z S
12+ RREEE Jip-=E T
1.0 —
(: L -
Los- .
0.6 — —
04+ —
02~ =/ L .

L L e r I | I \| T~ i
0 /4 7t/2 3mt/4 T

FIG. 4. Parity-violating effects in different hyperon production
processes under unpolarized beam conditions.

S¥, = 1/2. For processes J/y — AA and J/y — Z+E-,
the effects are of order O(107*), and for J/y — E°Z° and
J/y — E"ET, they reach O(1073).

Similarly, we define the following CP-violating observ-
ables:

ASg, = 2V2D3SY sin 6 4 4D3S, ; sin 26,

4 22
ASy; = T\/_D‘ \?)/_DgS{L(l +3cos20),
42 2V/2

ASj, =———D} —|——DS SY, (1 +3cos26),

3
AS\3 = —2V2D$SY sin@ — 4D5SY, sin 26),

5Sg) = —4DSSY sin O — 2/2D<SY, sin 20),
88,3 = —4DLSY sin @ — 2v/2D;SY, sin 26). (80)

These observables serve as sensitive probes for detecting
the violation of CP in baryon production, which is
contributed by the baryon’s electric dipole moment.

IV. THE JOINT ANGULAR DISTRIBUTION
OF PRODUCTS

The characteristics of hyperon weak decays make them
as self-analyzers for spin analysis. The expressions for
baryon decays have been extensively discussed in
Refs. [19,28-31,33,34,59,60,67-76], with various forms
of representation. To maintain the completeness of the
article, we follow the decay expression scheme used in
[30,33,34] and provide a brief review of hadronic decays
and radiative dacays of baryons. By combining the
polarization analysis of the processes eTe™ — J/y,
J/w — B;B,, and baryon decays, we present the full
expression for the joint angular distribution of the final-
state particles. Focusing on the process J/y — AX0, we
provide predictions for the statistical uncertainties of the
helicity amplitude parameters and their corresponding
transition form factors using the joint angular distribution.

A. Hadronic decay of baryon

We focus on the most common hadronic decay process
for baryons, B (J#) — B3(1/2*) 4 z(07), in which the
polarization of the daughter baryon B; can be expressed as

= ZSEIQ”D, (81)
u

where Sf‘ and S5 denote the polarization expansion
coefficients for B; and Bj, respectively. The polarization
transfer matrix a,, is defined as

h_2J+1

Hv

B B
a Dew (Zv 3)4’/1.

’ K K

Kk AN

x DI (Q)D,

K A (Q)’ (82)
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where D/ (Q) = D/%(0,0.¢) is the Wigner-D matrix,
with J being the spin of the parent particle and A,
representing the helicity amplitude for the decay process.
The indices x and A correspond to the helicities of B; and
B3, respectively. For parity-conserving decay processes, the
helicity amplitude satisfies the following relation:

Ay = (=1)/T12Py Ay ). (83)

For the case J?' = 1/2%, the relationship between the
helicity amplitude and the canonical amplitude is [30,61]

Ay = (As +Ap),

LR

A =2 (45— 4. (54)
Under the normalization condition |Ag|* + |Ap|> =
|A12|* + |A_1 2> = 1, the amplitudes can be parametrized
as [19]

ap = 2Re[A3Ap] = |A; n2 = Ay ]
Bp =2Im[A5Ap] = 2Im[A, A" 5],

Yp = |AS|2 - |AP|2 = 2RC[A1/2A*_1/2L (85)

where f, = /1 —a%sing, and yp = /1 — a3 cos ¢p.
With this parametrization scheme, the expression for the
polarization transfer matrix a,, is given by [30]

ho_
agy =1,

h
apz = Ap,
alty = apcos ¢ sin6,

al, = ypcos@cosd — Bpsin g,

aly = —pp cos@cos ¢ — yp sin g,
aly = sin @ cos ¢,

aly = ap sin@sin ¢,

al, = ppcos ¢ + yp cossin g,

agz = ypcos¢ — fpcosfsing,
aly = sin@sin ¢,

aty = apcos 0,

h _ .

az, = —ypsind,
h _ .

az, = fpsind,

aly = cos . (86)

For parity-conserving decay processes, we have ap =

Pp=0and yp - (_1)”1/21331

Under the CP-conservation constraint, the decay param-
eters for the particle and antiparticle should satisfy
ap = —ap and ¢p = —¢p. Therefore, one can define these
observables to characterize CP violation,

Acp = ap + ap ’
ap —ap

Bep = bo ﬁl__) . (87)
ap —ap

These observables are directly related to the weak CP-
violating phases and the strong interaction phases from the
final-state interactions [23,24,60].

In experimental measurements, CP violation is some-
times directly represented by the decay parameter ¢,
which serves as an observable for CP violation,

(88)

At the leading-order approximation for ap and ¢p, we
have [56]

Bep=cr 1<;1<)(>‘D>2cos<¢p>—ACP%smw,
(39)
where
(ap) = =272,
() =222 (90)

B. Radiative decay of baryon

We focus on the most common radiative decay process
for baryons, B, (J7*) — B3(1/2%) + y(17), in which the
polarization of the daughter baryon B; can be expressed as

=> Si'a,. (91)
M

The polarization transfer matrix a,,

a}’ 2J+IZZA11/12 2 /1’

Kk AN
X 5,1’2,12 i,zl—zz(Q)Di,gfl _,1/2(9)’ (92)

is defined as

)K,K’(lej})/l’] A1

where A, ; denotes the helicity amplitude of the decay
process, with 4; and 4, the helicities of the B; and photon,
respectively. Based on helicity conservation and the fact
that the helicity of a real photon cannot be zero, we obtain
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A 0 0
A, :( 1/21 ) (93)
0 0 Apn,

For parity-conserving decay processes, the helicity ampli-
tudes satisfy the following relation:

Ay = (_1)1_1/2PB,A—1/2,—1- (94)

Under the normalization  condition  |A;/;[*+
|A_i/2.—1 |> = 1, the amplitudes can be parametrized as

ap = |A_1j0-11* = A2 > (95)

With this parametrization scheme, the polarization transfer
matrix a,, is given by

dg3 = —ap,

aly = ap sinfcos ¢,
aly = —sin6@cos ¢,
ahy = ap sin@sin g,
ah, = —sin@sin ¢,
ak, = apcos,

aly, = —cos 0. (96)

Under the CP-conservation constraint, the decay parame-
ters for the particle and antiparticle should satisfy
ap = —ap, and thus, we can define an observable sensitive
to CP violation:

Acp = 7 . (97)

C. The joint angular distribution of final products

Combining the polarization analysis of the production
and decay subprocesses of J/y discussed in Secs. Il and
I, along with the discussion of baryon decays in this
section, we can express the joint angular distribution of the
final-state particles as

W Sﬂyal(f(l)/}’)Bla%/V)Bz’ (98)

where S, is the polarization correlation matrix for the By B,

system, as detailed in Egs. (60)—(75). The matrices a"/E

i #o
and ay(')/ 7B represent the polarization transfer matrices for

the decays of B, and B,, which are given by Egs. (86) and
(96) for hadronic and radiative decays, respectively. For
cascade decay particles, the transfer chain can be extended,

(n/7)By (h/7)By (h/7)B,
€8 tyg = Dy, Gy

As shown in Eq. (26), the polarization of J/y is
determined by both beam polarization and electron form
factors. In this paper, we estimate the electron form factors
for the ete™ — J/y subprocess at leading order, as shown
in Eq. (22). We recommend that the experimental analyzes
fit the polarization expansion coefficients SY,...,Sy;"
directly as free parameters. Given the beam polarization,
the electron form factors can be extracted using Eqs. (22)
and (26). Comparison between experimental measurements
and our theoretical predictions allows for a precise test of

the electron—J /y interaction.

D. Statistical significance

While CP violation has been widely studied in subpro-
cesses such as J/y — AA and J/w — EE [56,58,60],
fewer investigations have focused on associated baryon
production, such as J/y — AX. These isospin-violating
processes, including J/y — AZ° and its conjugate channel
J/w — Z°A, proceed primarily via electroweak inter-
actions and thus offer unique opportunities for probing
CP violation. In this work, we analyze the sensitivity to the
parameters o}, o, and the relevant transition form factors in
this channel.

For the subprocess J/y — AZ’, the joint angular dis-
tribution of the final-state particles is given by

do oo < ST
o W(@; 1) = ZS,’}Ea/’j()‘azy,a%, (99)
TR

where @ = {6,¢.,0,.¢,.05.$x.05.¢5} is the set of
angular variables, and 7j = {a,,®,a;,.... 5], ..., S7;"
includes parameters associated with baryon production,
decays, and polarization of J/y.

For J/y produced directly in electron-positron annihi-
lation, the most beam-sensitive polarization components
are S7 (primarily affected by longitudinal polarization of
the beam) and S77”, Sz (primarily affected by transverse
polarization of the beam). The effects of beam polarization
on other polarization components of J/y are generally
suppressed. At BESIII, electron beams are typically unpo-
larized, although some spontaneous transverse polarization
may arise during beam propagation due to the Sokolov—
Ternov effect [59,62]. Future experiments such as STCF
aim to prepare polarized beams [51]. According to the
analysis in Ref. [60], longitudinal polarization of the beams
significantly improves the sensitivity of the parameters
compared to the transverse polarization. Therefore, our
sensitivity analysis focuses primarily on the longitudinal
case, setting SV, — 1/2, S — —P,(S.), and all other
components to zero.

However, it should be noted that although most of the
polarization components of J/y are only slightly influ-
enced by beam polarization, they can still induce asym-
metry effects in final-state particles. Such asymmetries can
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TABLE II. The statistical uncertainties of the parity-violating
helicity amplitude parameters ], o, and the corresponding form
factors F, F, in the J/yr — AZ" process. The predictions on the
statistics at BESIII are conducted with unpolarized beams, and
those at STCF are conducted with 80% beam longitudinal
polarization.

J/w — AZ° BESII STCF
e 1.3 x 10* 4.4 x 10°
o(\/a)) 23 %1072 83x 1074
o(\/ab) 2.1x1072 7.9 x 107
o(F3) 4.01 x 107° 1.48 x 1077
o(Fy) 422 x 107 1.55 x 1077

overlap with the genuine CP-violating effects. Therefore,
these components must be retained in experimental fits to
ensure accurate isolation of CP-violating observables.

To evaluate statistical uncertainties, we apply the maxi-
mum likelihood method to the joint angular distribution.
The covariance matrix of the parameters can be obtained
from the Fisher information matrix [77]:

1 (oW [ONV\ _
I..(n..n;) = — () (2= 1
ij(mim;) n/w<a”i)(anj>dw, (100)

where n is the number of selected events, and W =
W/ f Wda is the normalized joint angular distribution.
The covariance matrix is the inverse of the Fisher infor-
mation matrix, V = I~'. The statistical uncertainty for a
specific parameter #; is then given by

o(n;) = \/V_u

In Table II, we present the sensitivities for the parameters o
and o) for the process J/y — AZ°, based on projected

(101)

x10~7

2.2

2.0

1.8

o(IF3))

1.6

1.4

1.2 -
1 I 1 I 1 I 1 I 1
0 0.2

FIG. 5.
degree of electron beam longitudinal polarization P,.

statistics from BESIII [46] and STCF [51]. The corre-
sponding parameters in the conjugate channel have similar
sensitivities. Using Eq. (42), we also estimate the sensi-
tivity to the transition form factors, whose values are
constrained by Eq. (53). Although the statistical yield
for J/w — AZ° is relatively low, the sensitivities of the
form factors reach levels comparable to those for processes
such as J/w — AA [56,60]. Moreover, since the prepara-
tion of polarized beams is a key design objective of the
planned STCEF accelerator [51], we illustrate in Fig. 5 how
parameter sensitivities vary with polarization degree of the
electron beam. It is clear that beam polarization signifi-
cantly enhances measurement precision.

V. SUMMARY

In this paper, we present a comprehensive polarization
analysis of the process ete™ — J/y — B, B,. The analysis
is divided into three parts: the subprocess ete™ — J/y, the
subprocess J/w — B;B,, and the subsequent decays of
baryons.

As a spin-1 particle, the polarization state of J/y is
characterized by eight independent polarization compo-
nents. For the subprocess ete™ — J/y, we analyze how
the polarization state of J/y is influenced by both the beam
polarization and the electron form factors. A detailed
investigation of the initial beam polarization is provided,
emphasizing the transformation effects from the laboratory
frame to the center-of-mass frame. We present all possible
helicity amplitudes for the annihilation process and explic-
itly establish their relationship to the electron form factors.
By including both beam polarization and all relevant
helicity amplitudes, we systematically analyze the resulting
polarization of J/y produced in e*e™ annihilation.

When parity-violating and CP-violating effects are
included in the subprocess J/y — B;B2, the polarization

x10~7

24

2.2

2.0

o(IFaD)

1.8

1.6

1.4

Predicted statistical uncertainties for the transition form factors F5 and F, for the process J/y — AZ° as a function of the
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correlations of the baryon-antibaryon system are modified.
This opens the possibility of searching for CP violations in
baryon production processes. We classify these subpro-
cesses into two types: baryon-antibaryon pair production
and associated production of different baryons. For the pair
production process J/y — BB, we introduce two helicity
amplitudes that conserve both parity and CP, one ampli-
tude that violates parity but conserves CP, and one that
violates both parity and CP. The explicit correspondence
between these helicity amplitudes and the form factors of
the baryon B is provided. For the associated production
process J /w — B, B,, we define two parity-conserving and
two parity-violating helicity amplitudes and establish their
relationship to the transition form factors of the BB,
system. Based on the bilinear covariance of these transition
form factors, we derive their transformation properties
under CP conservation. Subsequently, we determine the
CP constraints on the helicity amplitudes for the conjugate
processes J/w — BB, and J/y — B,B,. To describe
polarization transfer in these subprocesses, we introduce
a polarization transfer matrix a,,, and provide the com-
plete expression for the polarization correlations of the
B, B, system. Dedicated observables sensitive to parity and
CP violations in baryon production processes are proposed
for future experimental investigation.

Due to the weak decay properties of hyperons, their
polarization can be extracted experimentally from the
angular distributions of their decay products. We express
the polarization transfer matrices for both hadronic and
radiative hyperon decays in terms of the corresponding
decay parameters. Differences in the decay parameters
between hyperons and their antiparticles serve as important
observables for detecting violations of CP in hyperon
decays. By combining the polarization analyzes of the
subprocesses ete™ — J/y, J/w — B, B,, and subsequent
baryon decays, we provide the complete joint angular
distribution of all final-state particles. Focusing specifically
on the process J/y — AX, we present sensitivity projec-
tions for the helicity amplitude parameters o} and o, along
with their related transition form factors. These results offer
essential theoretical guidance for future experimental
measurements of CP violations in associated baryon
production channels.

At the mass threshold of J/y, the electron-positron
annihilation cross section experiences significant enhance-
ment, enabling high-statistics data samples in experiments.
This provides a powerful opportunity to search for CP
violations in the production and decay of ordinary baryons
through the e*e™ — J/w — BB, process. This paper
presents a refined polarization analysis of these processes
and provides the complete joint angular distribution of the
final-state products, offering valuable theoretical support
for future CP violation studies involving ordinary baryons.
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APPENDIX A: THE DEFINITION AND
PROBABILITY OF THE SPIN COMPONENTS
FOR SPIN ONE PARTICLES

In the Cartesian coordinate system, the spin density
matrix for a spin-1 particle can be expressed as [78]

1

. (A1)

3 _—
o (1 +5 8% +3T’/Z’/>,
where X/ and TV represent independent, orthogonal, and
Hermitian basis matrices. The matrix X/, in the S, repre-

sentation, can be written as

(oo /0 -1 0
1
s—— 1 01|, =1 0 -1],
2 2
V2o 1o 2o 1 o
10 0

=00 0| (A2)
00 —I

The remaining basis matrices can be expressed in terms of X/,

U R 2
XU = 3 (22 + 23 — 55’11. (A3)
For the polarization vector S, there are three independent
polarization components, which can be represented as

St = (87.87.51). (A4)

The definitions of these three polarization components are

T=E&  S=E).  S=(E). (A5
where (%) = Tr[X%,]. For the rank-2 polarization tensor
T, it consists of five independent polarization tensors,

expressed as
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| - % Srr + Str Srr T
TV = 5 S?T _%SLL - STr S)L}T (A6)
T Sty %SLL

The definitions of these five polarization components are

3
Si=3(E. Sp=2T. Sy =229,

Sp= (B0 oD, SP=2(Zv). (A7)
To analyze the probabilistic interpretation of these polariza-
tion components, we introduce the eigenstate vector |mg ;)
along a specific direction, where m represents the eigenvalue.
Therefore, the probability of the system being in a specific
polarization state is

P(mgg)) = Trlpi|mg ) (mo.qp - (A8)

For convenience, we introduce the following notation:

Imez), Im:) = m)),
mx—y> = |m(§~—§)>7 M) = \m(g,oﬂ»
|m(—§,0)>s Imyy) = |m(%.§)>v imy_) = |m(—%.§)>-

(A9)

= |mgg).

)

Based on Egs. (AS) and (A7), one can interpret the
probability of the polarization components as

)
SZT - Py—z(o) - P}+Z(O)’
S)LWT - Px—y(o) - Px+} (0)’
7r = P,(0) = P,(0) (A10)
|
1 0 0 1
z —1 01 0 z —1 0
073 ’ )
0 0 1 0

o O O

Thus, we can derive the threshold values for these polari-
zation components as

5 S Spel-1.1),

1
Sire|-1,=],
LL 2]
SirSir Sirs Spr € [-1.1]. (A1)
The total degree of polarization is
1
d=—=1/(2s+1)Tr[p?] - 1
T\ + T
3 .. 3 . 112
= |Z§is! ZTUT
]
3 , 3(2
= {4 [(S7)2 + (S7)* + 5] + 5 LS&
1 x )2 Y \2 xx \2 XY \2 172
+E(<SLT) + (S77)% + (S77)° + (S77)%) .
(A12)

APPENDIX B: SPIN-ONE POLARIZATION
PROJECTION MATRICS

Following the approach outlined in [34], we map the
polarization expansion coefficients S, Sy, ..., Sy in the
helicity framework for a spin-1 particle to the Cartesian
spin components 1,S;, ..., Sy, as detailed in Eq. (12). In
this scheme, the polarization expansion matrices in the
helicity framework are chosen as follows:

so—tpy =lyey — Ly
R R R T

1
23 = EZY,Z4 = ZZZ,ZS = sz,

Te =%, %, =~ (B —TV), 5 =3, (Bl)

N[ =

The explicit expressions for these matrices are

0 010
V2

0 N 22:7 1 0 1 N

-1 010
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0 - 0 1 0 0 1 0
Z*i\/j 1 1 z ! 0 20 z ! 1 0 1
3 — 4 s 4_3 ) 5_2\/5 s
0 0 0 0 0O -1 0
/0 -1 0 (00t /0 0 -1
i i
2e=——| 1 0 1], 2.==-]10 0 0], 2¢e==—|0 0 O B2
722 772 875 (B2)
0O -1 0 1 0 O 1 0 O

APPENDIX C: SPIN TRANSFER MATRIX FOR J/y — BB

Based on Eq. (59), we present the complete expression for the polarization transfer matrix in the J/y — BB subprocess
in this section.
The components of the polarization transfer matrix associated with the production cross section S, of the J/y are given by

1
apoo = §(3 + al// + 2(11 + 4a2),

2V/2

apso = 3 (DE + 2D§'),

ap,11 = %(1 = 2a; - ax//)a

apn1 = —%EDE’

dp12 = _2\3_51)5’

apon = —§(1 =2y — a,,,),
2v2

app3 = 3 (DE - 2D§),

1
610’33 :—5(1 —2a1+4a2+3au,). (C])
The components of the polarization transfer matrix associated with the vector polarization component S, (S; ) are

ayg = 2\/§D§ cosf,

a0 = —(D§ —2D5) sin ),
a1 = V2(D} + D) sin ),
a3 = (1420, + ay,) cos 6,
ag; = —(D§ + 2D5) sin 6,
a3 = —V2(D§ + D5) sin#,
aj oo = V2(D3 — D3) sind),
a3 = (D§+2D%) sin0,

a3 = —(1 +a, + 2a,) cos,
apiz = —\/E(Di — D) sin6,
a3 = (D§ —2D%) sin 6,

aysz; = —2\/§D§ cos 6. (C2)

The components of the polarization transfer matrix associated with the vector polarization component S, (S%) are
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a0 = 2V2D5 sin 0 cos ¢,
ay.10 = (D§ — 2D¢) cos O cos p — V2(D3 + D3) sin ¢,
ap 0 = —(D§ —2D5) sin¢p — \/E(Di + Dj) cos @ cos ¢,

a3 = (1 + a, + 2a,) sinf cos ¢,

day01 = (D§ +2DS) cos O cos ¢ + V2(D§ — D3) sin g,
ay31 = (D + 2D%) sin g + V2(D§ + D§) cos 0 cos ¢,
ay 0 = (D§ + 2DS) singp — V2(D$ = D3) cos 0 cos ¢,

ay 3 = —(D + 2D3) cos O cos p + V2(DS + D) sin ¢,

a3 = —(1 + a, + 2a,) sin@ cos ¢,

ay,3 = —(D} — 2D3) sin ¢ + v2(D§ — D§) cos 0 cos ¢,

ay 93 = — (D — 2D%) cos O cos ¢ — V2(D$ = DS) sin ¢,

ays3 = —2\/§D§ sin 6 cos ¢. (C3)
The components of the polarization transfer matrix associated with the vector polarization component S3(Sy) are

as 00 = 2V2D5 sin O sin ¢,

as.10 = (D§ —2DS) cos Osin g + V2(D§ + D) cos ¢,
D§ —2D%) cos p — V2(D3 + D3) cos @sin ¢,

as31 = —(Dy + 2D3) cos ¢ + V2(DS + D) cos Osin ¢,
as g = —(D§ + 2D5) cos ¢p — V2(D§ - D3) cos Osin ¢,
as 32 = —(Dj + 2D3) cos Osin ¢ — v2(D§ + D) cos .,
a3 03 = —(1 4 2a, + ) sinOsin ¢,
as 13 = (Dy — 2D3) cos ¢ + \/E(Di — Dj) cos @sin ¢,
a3 o3 = —(Dy — 2D5) cos @sinp + \/E(Di — DY) cos ¢,
a333 = —2V/2D5 sin Osin ¢. (C4)
The components of the polarization transfer matrix associated with the tensor polarization component S,(S;;) are
1

da00 = 3 (e, — o +ay)(1 4 3cos20),

ag 0 = \/E(Df — D) sin 20,

ay0 = —(D§ — 2D3%) sin 26,

2

aq30 = —\/?_(DS — D5)(1 + 3 cos20),

as01 = —V2(D5 + D5) sin 26,

aan = -3 (1 —a, —2a;) 4+ 2sin? 6(1 —a; — ay),

2
agpy = gDi(l + 3cos26) — 2\/§D§ sin? @,
a3 = —(D§ + 2D5) sin 26, (C5)
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a0 = (D§ + 2D%) sin 20,
2
ag12 = 2v2D4sin? 0 + gDi(l + 3 co0s20),

A4 =3 (1 —a, —2a) + 2(a, + a; — &) sin* 6,
ay3 = V2(DS — D3) sin 26,

2. . .
403 = —g( 5+ D) (1 4 3 cos20),
Cl4,]3 = (D(L) — 2Dg) Sin 29,
ay23 = —V2(D5 + D) sin 26,

1
433 = —5(1 +ay 4+ ay)(1 + 3cos26). (C6)

The components of the polarization transfer matrix associated with the tensor polarization component Ss(S7,) are

asgy = (@, —a; + ay) sin26 cos ¢,

as,o = (D} — 2D%) cos @sin g — V2(D§ — D) cos 26 cos ¢,

as 29 = (Df — 2D3) cos 20 cos ¢ + V2(D§ — D§) cos Osin ¢,
ass) = —V2(D§ — D5) sin20 cos ¢,

asg; = (D§ + 2D3) cos Osin p + V2(D + D) cos 26 cos ¢,
as;y =—(1—a; —ay)sin20cos ¢ + 2\/§D§ sin@sin ¢,

asy = (1 + a, —2a,) sin@sin g + v2(D3 + D3) sin 26 cos ¢,
assy = (D + 2DS) cos 26 cos ¢ + V2(D§ — D3) cos Osin ¢,
asgy = —(D§ + 2D3) cos 20 cos ¢ + V2(D$ + D) cos O sin ¢,
as1y = —(1 + a, — 2a,) sin@sin ¢ + V2(D3 — D3) sin 260 cos ¢,
asny = —(a, +a; —ay)sin20cos ¢ + 2\/§D§ sin @ sin ¢,

asz = (D + 2DS) cos @sin p — V/2(D} — D3) cos 20 cos ¢,
ases = —V2(D5 + DS) sin 26 cos ¢,

as 3 = —(D§ — 2DS) cos 26 cos ¢ + V2(D§ + D) cos @sin ¢,
as 3 = (D — 2DS) cos Osin ) + V2(D1 + Dj) cos 20 cos ¢,
asy; = —(1 +a; + ay) sin20 cos ¢. (7)

The components of the polarization transfer matrix associated with the tensor polarization component S¢(S7 ;) are

agoo = (@, —a; + ay) sin26sin ¢,

ag 0 = —(D§ — 2D3) cos O cos p — V2(D§ — D5) cos 20 sin ¢,
a0 = (D§ = 2D%) cos 20sin ¢ — V2(D§ — D5) cos 6 cos ¢,
ag30 = —V2(D5 — DS) sin 20sin ¢,

ag01 = —(D§ + 2D3) cos @ cos ¢ + V2(DS + D) cos 20sin ¢,
ag1y = —(1—a; —ay)sin20sing — 2\/§D§ sin @ cos ¢,
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agy = —(1 +a, —2a;)sinfcos ¢ + \/§(D§ + Dj3) sin20sin ¢,

ag31 = (D + 2D¢) cos 20sin¢p — V2(D§ — D3) cos O cos ¢,

dg0n = —(D} +2D3) cos 20sin ¢p — V/2(DS + D5) cos O cos ¢,

ag1p = (1+a, —2a,) sin@cos ¢ + V2(Ds — D3) sin 20sin ¢,

agrn = —(a, + a; — ay) sin20sin ¢p — 2\/§D§ sin @ cos ¢,

de30 = —(D§ + 2DS) cos O cos ¢p — V/2(D§ — D3) cos 26 sin ¢,

de03 = —V2(D§ + DS) sin 20sin ¢,

ag,13 = —(D§ — 2D) cos 20sin p — V2(D§ + D3) cos 0 cos ¢,

a3 = —(Df = 2D5) cos O.cos ¢ + V2(Dj + Dj) cos 20 sin ¢,

a3 = —(1 + a; + ap) sin 20 sin ¢p. (C8)

The components of the polarization transfer matrix associated with the tensor polarization component S;(S}%) are
ar00 = (@, — a; + ay) sin® 6 cos 2¢p,

V2

az o = (D§ —2D%) sin@sin 2¢) — -5 (D§ — Dj) sin20 cos 2¢,

[

a70 = = (D} — 2D%) sin 20 cos 2¢ + \/E(Df — Dj) sin@sin 2¢,

o

azzy = —\/E(DE - Dj) sin? 0 cos 2¢,
5 ) si i \/i c e\ o
azo1 = (Dg + 2D5) sinOsin 24 + > (D§ + Dj) sin 20 cos 2¢,
ary = [(1+a, —2a) — (1 —a; — ay) sin? 6] cos 2¢) — 2\@D§ cos @sin2¢, (C9)
, V2 :
a7 = —(1+ a, —2a,) cos Osin 2¢ + 5 [2D5 sin? @ — D5(3 + cos 20)] cos 2¢,

1
4131 =5 (D§ + 2D%) sin 20 cos 2¢p + V2(D} — D5) sin §'sin 2¢, (C10)

1
a702 = =3 (D +2D3) sin 260 cos 2¢) + V2(D5 + D) sin @ sin 2¢),

2
az 1 = (14 a, —2a,) cos Osin2¢ + g [2D3 sin® @ + D5(3 + cos 20)] cos 2¢,
a7 = [(1+a, —2a) — (a, + a; — ay) sin® 6] cos 2¢p — 2v/2D5 cos 6 sin 2, (C11)

V2

az 3 = (D§ + 2D5) sin @ sin 2¢) — > (D} — Dj)) sin 20 cos 2¢,

az3 = —V2(D§ + D) sin® @ cos 2¢),

1
4713 = =3 (Df = 2D5) sin 20 cos 2¢p + V2(D3 + D) sin0sin 2,
V2, e ey e g
123 = —- (Di + Dj) sin26 cos 2¢) + (D§ — 2D5) sin @ sin 2¢,
617’33 = —(1 —+ ay —+ az) SiHZQCOS 2¢ (C12)

The components of the polarization transfer matrix associated with the tensor polarization component Sg(S7;) are
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agoo = (aw —a; +ay) sin® @ sin 2¢,

V2

ag1o = —(D§ —2D%) sin @ cos 2¢ — -5 (D§ — Dj) sin20sin 2¢,

1
@y 20 = 5 (Dy = 2D3) sin 20sin 2¢p — V2(D$ — DS) sin 0 cos 24,

agso = —V2(D5 — DS) sin® @sin 2,

2
ago; = £ (D§ + D§) sin20sin2¢ — (D} + 2D3) sin 0 cos 2¢,

2
ag1 = [(1 +a, —2a) — (1 —a; — ay) sin® O] sin2¢ + 2\/§D§ cos @ cos 2¢,
\/E S cin s :
ags) = (1 + a, —2a,) cos O cos 2¢p + -5 [2D5 sin* @ — D%(3 + cos 20)] sin 2¢,
1
as31 =5 (D§ + 2DS) sin 20'sin 2¢p — V/2(D3} — D3) sin 6 cos 2¢), (C13)
1
as 0y = = (D +2D3) sin 20sin 2¢p — V2(D§ + D) sin@cos 24,
\/E K . 2 s .
ag i, = —(1 +a, —2a,) cos @ cos 2¢ + -5 [2D$ sin® 0 + D5(3 + cos 20)] sin 2¢,
agy = [(1+a, —2a) — (a, + a; — ay) sin® ] sin 2¢) + 2\/§D§ cos @ cos 2¢, (C14)
agz = —(D§ + 2D5) sin 0 cos 2¢) — - (D} — Dj) sin20sin 2¢,
as oz = —V2(DS + DS) sin? @ sin 24,
1
agi3 = =5 (DG —2D%) sin 20'sin 2¢p — v/2(D3 + D3) sin 6 cos 2¢),
ag o3 = —(D§ —2D5) sin 0 cos 2¢p + > (D} + Dj) sin20sin2¢,
a8,33 = —(1 +(Xl +(12) Sinzgsin2¢. (CIS)
These polarization transfer matrices provide a complete (p.4) VE +my,
description of polarization transfer in the J/w — BB up, )= < o a— > g
process. Experimentally, the polarization information of EVE —mys
J/w can be obtained by analyzing the polarization and (p. %) < VE—my- > (D2)
N = v(p,£) = ,
angular distributions of BB. T \/E-i-—m)(:F
APPENDIX D: CONVENTION FOR THE SPIN-1/2 where y represents the two-component spinor,
AND SPIN-1 SPINORS ,
In this section, we provide the conventions for the spin- ri = < 08 5, > ,
1/2 and spin-1 field spinors in the Dirac-Pauli representa- sin§ el
tion. For a particle with mass m, the four-momentum in —gin?
spherical coordinates can be expressed as Y- = < 2 ) (D3)
cosZ el

pt = (E,

p|sin@cos ¢, |p|sinfsin g,

p|cos®). (D1)

For a spin-1/2 field, the Dirac equation must be satisfied [79].
The spinor field with 4 = 41 can be written as

For a spin-1 particle, the field must satisfy the Proca equa-
tion [80]. The polarization vector with A = +1, O can be
expressed as
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0

F cosfOcos¢ + ising

e'(p, %) =

F cos@sing —icos ¢

+sind
|p|

1 | Esinfcos¢

e'(p,0) =—

m | Esin@sin ¢

Ecos@
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