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Abstract: The exploration of symmetry laws stands as a cutting-edge direction in modern physics research. This

work delves into the examination of P and CP symmetry properties within the charm quark system by analyzing

asymmetry parameters in the two-body decay process of Q.. By accounting for the polarization effects of electron

and positron beams and employing the helicity formalism, we systematically analyze the decay characteristics of Q.

and its subsequent hyperon decays through specific asymmetry parameters. A comprehensive formulation of the an-
gular distribution for these decay processes has been developed. The research assesses the detection sensitivity of

asymmetry parameters in the Q. — Q™ xt decay mode across different experimental conditions, including varying

data sample sizes and beam polarization configurations. These results contribute to enriching a theoretical founda-

tion for forthcoming experimental endeavors at the STCF, offering significant implications for symmetry studies in

the charm sector.
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I. INTRODUCTION

The observed matter-antimatter asymmetry of the uni-
verse remains one of the most compelling puzzles in
modern physics. While the Big Bang should have pro-
duced equal amounts of matter and antimatter, cosmolo-
gical observations unequivocally 'show a universe domin-
ated by matter. This indicates that there must be a mech-
anism in the evolution of the universe that favors matter
over antimatter. Charge parity (CP) violation is one of
Sakharov’s three essential conditions for understanding
the matter and anti-matter asymmetry in the universe [1].
In the Standard Model of particle physics, the quark dy-
namics are described by the Cabibbo-Kobayashi-
Maskawa (CKM) mechanism [2, 3]. This theoretical
framework was experimentally confirmed through a
series of landmark measurements. The BaBar and Belle
collaborations reported the observation of indirect CP vi-
olation in the decay of B mesons [4, 5]in 2001. Sub-
sequently, the direct violation was observed during the
rare decay process of B mesons [6, 7]. The first CP viola-
tion in the charm system was observed by LHCb collab-
oration in 2019 [8]. Recent LHCD results have signific-
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antly expanded the experimental landscape, with evid-
ence of CP violation in A, - AK*K~ [9] and the first ob-
servation in A, —» pK n*n~ decays [10]. Similar searches
of A, T*, 2°, and Z- decays have also been performed by
BESIII collaboration [11—-16]. However, all CP measure-
ments are not sufficient to explain the difference between
matter and antimatter. The search for new CP-violating
mechanisms has thus become a central focus in particle
physics, driving both theoretical innovations and next-
generation experiments [17].

Theoretically, the decay amplitude of Q. consists of
factorizable and non-factorizable contributions. While
non-factorizable contributions are typically negligible in
charmed meson decays, Q. decays exhibit unique dynam-
ics, as their amplitudes can receive contributions from
both W-emission and W-exchange diagrams. The W-ex-
change diagram (manifesting as a pole diagram) escapes
helicity and color suppression, leading to non-trivial con-
tributions. In the case of W-exchange processes, which
can be represented as pole diagrams, the typical suppres-
sion mechanisms related to helicity and color no longer
apply [18]. As a result, theoretical predictions for
charmed baryon decays tend to be more complex com-
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pared to those for charmed mesons. Various theoretical
frameworks have been developed to study these decays,
such as the covariant confined quark model [19-21], the
pole model [18, 22, 23], and current algebra [18, 23, 24].
The Cabibbo-favored decay Q. — Q n* is dominated by
the W-emission process and also has a relatively large
branching fraction, which makes it particularly interest-
ing for studying parity (P) and CP violation. In Q. and
Q. two-body decays, the asymmetry parameters aq, and
ap, quantify the contributions of P-wave (parity-violat-
ing) and D-wave (parity-conserving) amplitudes [25].
Specifically, aq, and ag, parameterize the decays of ba-
ryons and anti-baryons, where non-zero aq, (aq ) and
(g, +ag,)/(aq, —ag,) values mean P and CP violations.
These features make Q. decays an ideal laboratory for
symmetry test and polarization study, which can be ex-
plored at next-generation facilities. The Super Tau-Charm
Facility (STCF) is designed to achieve a peak luminosity
of 10% cms™' [26], representing a two-order-of-mag-
nitude improvement over BESIII. With a center-of-mass
energy range spanning 2—7 GeV, which covers the pro-
duction threshold for Q.Q. baryon pairs, STCF will en-
able unprecedented statistics for studies of charmed bary-
ons. Recent theoretical studies have demonstrated that
transverse and longitudinal beam polarization can im-
prove parameter measurement precision’ at electron-
positron colliders [27, 28].

In this work, we present a systematic investigation of
how beam polarization affects Q. polarization by com-
paring with polar and azimuthal angle distributions of
particles from Q. decay. We provide the first study of
parameter sensitivity under different transverse and lon-
gitudinal polarization configurations. Furthermore, we
evaluate the optimization effects of beam polarization
schemes on CP violation. These phenomenological res-
ults establish crucial theoretical support to understand Q.
decay at future STCF.

II. ANGULAR PARAMETERS

The decays in this analysis are described in a helicity
formalism [29]. The helicity angles and amplitudes of the
Q.Q. production and the decay of Q, are listed in Table
1, while the corresponding angles are shown in Fig. 1.
The momenta p; are obtained by boosting particle i to the
rest frame of its mother particle, and the values of angles

Table 1. Helicity angles and amplitudes in relative decays.
decay helicity angle helicity amplitude
¥ = Qe(A)Q(Ao) (01.¢1) A
Qc(A1) = Q™ ()" (62,¢2) By,
Q7 () = AB)K™ (63,93) Fi,
AA3) = p(A)m (04,04) Hy,

A rest fame 4

XA Q7 rest fame
Fig.'1.  (color online) Definition of helicity angles at e*e”
collider.

can be constructed by the momenta.

In general, a helicity amplitude for a two-body decay
process can be denoted by A} , ;» where J denotes the spin
of the mother particle, and 1;,1; are daughter particles'
helicity values which are the projection of particle spin in
momentum direction. Under parity conservation, the
amplitudes will obey

Al = (=D)AL 1)

where 7; is the intrinsic parity of each particle. The spins
of the two daughter particles are denoted by s;, s; respect-
ively.

For the first process in Table 1, the helicity values can
be 4, =+1 and 1y ==+1 for spin-1 particles Q. and Q..
The photon has spin J=1 and parity =1, while the
charmed baryons have n; =ny=1 and s;=s¢ = % For
simplification, the superscript J is suppressed in the fol-
lowing so that A1, =A% ;. The other amplitudes B,F
and H listed in Table 1 follow a similar notation. We also
suppress the subscripts corresponding to the daughter
particles 7* and K~ such as B,, = By, since they are
spin-zero particles.

If all processes in Table 1 are parity conserved, the
corresponding helicity amplitudes, A, B, F, H satisfy fol-
lowing relations:

Ari=A_ 1A
F

1
7
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1
2

=4y
B =-B

|
4
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1 1 1
2 2 2

Here, the scripts are suppressed if they are fixed con-
stants. Specifically, since angular momentum conserva-
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tion, only helicity values 1, =+1 of Q- are allowed,
which leads to two amplitudes B.i. In Standard Model,
the P violations in weak decays make the above equa-
tions invalid. To quantify the violations, we define the

following three asymmetric parameters:

IBi*=|B_; I’ 3

CL’Q(= |Bl|2+|Bil|2’ ( )
2 2

|Fy P =IF_y P A

do- = |Fl|2+|F_l|2’ ( )
2 2

\Hy P~ |H_s P s

N TIHPH P ©

They are equivalent to original definitions from Lee-
Yang [25] by decomposing amplitudes into S and P
waves. The measured values of the last two parameters
are aq- = 0.0154+£0.002 [30] and a, = 0.746 +0.008 [31],
while the value of the parity parameter Q. — Q™ n* is still
lack.

Moreover, if CP conservation holds in charge conjug-
ate decay Q. — Q*n, the parity parameter of this decay
is expected to have the same absolute value but an oppos-
ite sign, like ag = —aq, . Thus the CP violation can be
characterized by

(6)

This definition has an advantage that the systematic un-
certainties of production and detection asymmetries are
largely cancelled [32]. The approximation of the paramet-
er can be written by [15, 33]

Acp < —tanAdtan Ag, @)
after inserting partial amplitudes. The relative strong
phase Ad predominantly arises from final-state interac-
tions, which are discussed and computed within QCD
factorization framework [34, 35] and resonance-induced
model [36] for B decays. The weak phase A¢ stems from
interference between amplitudes with different partial
wave configurations in the same decay [37]. The amp-
litudes partially derive from tree and penguin diagrams
like the examples shown in Fig. 2, where the tree dia-
gram is Cabibbo-favored and the penguin diagram is sup-
pressed from off-diagonal elements V;V;.The mag-
nitude of the weak phase shift is determined by
Im[-(V},V,V V)] and  expected at order of
O(107*~107°), which is close to predicted CP violation
of hyperons systems [33, 38]. However, an additional

Fig. 2.
Q. - Q7" decay.

Tree and penguin diagrams as examples for

suppression of order 107> arises from the extra Fermi
constant Gr in the penguin diagram when the partial
waves in Ref. [39] are incorporated. Consequently, the
observable CP violation in Eq. (6) is subject to further
suppression. Including the direct CP violation, a greater
number cannot be ruled out for the mixing of strong viol-
ation and even new physics, that demands performing
measurements at future e*e~ collider.

III. SPIN DENSITY MATRIX AND ANGULAR
DISTRIBUTION

A. Q. production at ¢* ¢~ collider

The density matrix (SDM) [40, 41] involves the spin
and polarization information of particles. The SDM of
spin-3 particles like Q, is expressed by a 2 x 2 matrix:

o _Po

1+P, P,—iP,
2\ P+iP, 1-P, )’
where P, carries the unpolarized information, while the
information of transverse polarization is taken by £, and
P,. Operator P, is longitudinal polarization. The inform-
ation of initial collision is included by SDM of the virtu-
al photon p”", which connects to p** via the equation:

®)

Q. _ * «
p/h,/l; - ZpX,A’D}LA}—/lo(¢1$0170)

4,49

X D;,J,] (@100 0)AL LAY 9)
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where D, is the Wigner-D function. For polarized
symmetric e*e” beams, when the transverse and longitud-
inal polarizations are considered simultaneously, the
SDM of polarized photon is given by [28]

(1=p)(1+p;) 0 r}
Ph=7 0 0 0

2
Pt 0 (+p)d-pp)
(10)

In a positron-electron annihilation experiment with sym-
metric beam energy, the electron and positron share the
same transverse polarization pr respecting the z axis,
which is chosen along the positron momentum shown in
Fig. 1. The longitudinal polarizations of electron is rep-
resented by factor p,, and the ratio of the number of
right-handed and left-handed electrons in the beam is de-
termined by the factor through (1+ p;)/(1 - p.), while an-
other factor p; is for positron. The diagonal elements in-
dicate the fact that the photon couples either a single
right-handed particle to a left-handed antiparticle or a
single left-handed particle to a right- handed antiparticle.

We clarify the magnitude and phase angle-of an amp-
litude by denoting A,, ,, = a;¢“' and define the phase dif-
ference A, = {; — ;. The other amplitudes take similar de-
compositions. Substituting Eq. (9) into Eq. (8) under par-
ity conservation of Q. production, we get the unpolar-
ized section which depends on the polarizations of the
virtual photon, that is

Po = (1—prpr)(1 +a.cos’6)) + p>a.sin® 6 cos2¢,. (11)

Here constant 3lAy 1P +IA1 11" is suppressed, since it
does not contribute to the final cross sections after nor-
malization. The angular distribution parameter a. for this

production is defined by

A1 1P =2|A; 1
— 22 2 2°2

=2 i 12
|A171|2+2|Al1|27 ( )
272 2°2

Q.

that has not been measured yet. In the following content,
since the electromagnetic interaction is dominated for the
production of the charged pair, we use hypothetical val-
ues a.=0.7 and A, = /6, which are close to the meas-
urements of strange baryons [42]. Our analysis frame-
work is applicable to any value of «., and the actual value
can be measured via the angular distribution of event
number given in Eq. (20).

The transverse and longitudinal polarizations of Q.
are

P - V/1=aZsind[(pr— pr)cosA, — p2sinA, sin2¢,]

! 1 + @, cos? 6, + pr a,sin’ 0; cos 2¢,

\/1—7(1L2,sinA1 sin@, cos@,(1 — p.pr — p3cos2¢;)
1 + @, cos? 0, + p3 a,sin 0; cos 2¢,

_ (1+a.)(pL— pr)coso,

° 14a.cos?0, + p3a,sin® 0 cos2¢;

s

P, =

>

(13)

These polarizations reduce to the results in Ref. [28]
when the incoming beams are polarized transversely, and
turn to the expressions in Ref. [43] when electron beam is
polarized longitudinally. For continuity and simplicity,
we also treat the longitudinal polarization of positron
beam to be zero by taking p, = 0. We have found that the
dependences of results below on longitudinal beam polar-
izations are dominated by the difference p,—p,. The
cos @, -distribution of #, can be obtained after integrating
out ¢, and its‘magnitude is improved by transverse po-
larization pr as plotted in Fig. 3. Since the existence of
polarized beams, the polarizations P, and #, are no
longer flat, and the cos6; distribution of P, is shown in
Fig. 4, The distribution of magnitude

Po.l = \/Pr+P;+P? is also shown in Fig. 5, which

highlights discernible differences associated with differ-
ent beam polarization configurations.

B. Two-body decays and joint angular distributions

The information of P violation of this two-body de-
cay is carried by the SDM of Q~, which is given by the
relation

_ 1, 1
Py D P Diy (2.0 % Dy 1 (62.62)B1, By, (14)

.

1op — pr=0 .
pr =038
0.5F— pr=10 ]
o 00
-0.5 E
-1.0F E
-1.0 -0.5 0.0 0.5 1.0
cos 04

Fig. 3. (color online) The cos#; distributions of polarization
P, for different transverse polarizations of beams. Here p; =0
is used.
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3 — pr=0
pr=0.8
2F -
pr=10
1F
al 0
-1k
2F
-3k
-1.0 -0.5 0.0 0.5 1.0
cos b
Fig. 4. (color online) The cos; distributions of polarization

P, for different transverse polarizations of beams. Here
pr =0.5 is used.

10 T T T
—— pr=0, pr=0 T p,=0, pr=08
sk pr=05pr=0 =" p,=0, pr=10
pr=10,pr=0 = p,=10,pr =10

[Pa, |

1.0

ol
-1.0

-0.5 0.0 0.5
cos 6
Fig. 5. (color online) Magnitudes of the Q. polarization as a

function of cos@, for different beam polarizations.

here the helicity value A, or A, is either 1/2 or —1/2, that
means the SDM p® is also a 2x2 matrix likes Eq. (8).
Then after summing all combinations and implementing
simplifications, the unpolarized and longitudinal-polar-
ized operators of Q™ reduce to

- 2P
f)) =1 +0/09L. [1 + agq, cos 6, P,
+ g, sin; (cos Py +sing,Py) |, (15)
o 2
PP = 1 j)o {aq, +cos6,P.
' aq,
+sin6, (cos 0P+ sin¢2Py) } ) (16)

and the transverse-polarized operators are

1_
1+

PP =P, ZZ‘ {sinA; (Pycosd, — P, sing;)

— 0086, [P.sinb, — (Pycos g + P,y sing, )] },
(17)

-«
1+a

Pe Py =P % Lcos A, (P, cos g, — P, singy)
Q.

+sin6, [P, sinb, — (P.cos gy +Pysingy)] } .
(18)

Finally, all parity information is compiled in the SDM
of proton, which is expressed by

4 } : Qc
» OC ’ ’ ’ ’
p/l4,/14 p/{],/llB/lzB/le’hF’]SH’uH’lzl
1.4

1y 1y Ly
X Dy, 1,(62,02)Dy, 1. (¢3,05)D3, ,,(94,64)

1 i 1
X D}l,ﬁfz(fﬁz,@z)DZM; (¢3,93)D2;,/13(¢4,94)~ (19)

The polarizations of proton can be obtained using similar
expressions of Eqs. (15)-(18) iteratively, and we sup-
press the explicit expressions here. The joint angular dis-
tribution is given by unpolarized section of proton
W =Trp? =P%. The angular distribution of event num-
ber N for each angle is obtained by integrating out other
angles, and the nontrivial distributions are

dN )
dcost, oc 1 +a.cos” 0y, (20)
dN
o 1+ aq aq-cosbs, (21)
dcos6, ‘
dN
o 14+ aqg-apcosl,, (22)
dcosb,
dN a,
dTSIOCIJF?(“_zp%COSZ(m) , (23)
dN 3n? \/1-a?
% 1+ EQQCTQUPLCOS Al COS¢2, (24)
dN 2
do 1" %aQ{aA V11— a2 cos(As + ). 25)

The distributions of 8, and ¢; are flat. The distributions
in Egs. (20) and (21) are used for fitting the values of
parameters a, and aq,. The distributions of ¢, ¢,, and ¢,
are no longer flat when the beams are polarized trans-
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versely or longitudinally. The plot for ¢; distribution in
Eq. (23) is given in Fig. 6, where the fluctuation is not af-
fected by longitudinal polarization of electron beam but
enhanced by the transverse polarization as plotted in Fig.
7. Conversely, the ¢, distribution is free of the value of
pr but depends on longitudinal polarization p;, .
Theoretical predictions for the asymmetry parameter
aq, are currently lacking. However, for the decays
Ef > E%* and E) - Ex*, which involve similar dia-
grams to those in Fig. 2 but with the spectator s quark re-
placed by a u or d quark, the absolute values of the cor-
responding asymmetry parameters are predicted to be
around 0.95 and 0.7 [44—49], respectively. These values
are used in the following analysis and should be verified
at the STCF via Eq. (21). On the other hand, no measure-

""" pr=0
2.0F
pr =0.8
pr=1.0
& L5F
=
~
=
’E ---------------------------------------
1.0F
\ /
0 z b ER4 2r
2 2
¢
Fig. 6. (color online) The distributions of ¢; for three differ-

ent transverse polarizations of beam.

""" pL=0
14F
pr=10.5
pr = 1.0
1.2F
<
3
Z,
=
10f == mmm e oD m e e
0.8F
0 z n 3 2n
2 2
&2
Fig. 7.  (color online) The distributions of ¢, for different

longitudinal polarizations of electron beam. The normaliza-
tion is arbitrary. Here aq, = 0.7 is used.

ment of the relevant parameter for 7 — Z%7* is cur-

rently available, and it will be accessible at the future
STCF.

The joint angular distributions of 6, and ¢; are ob-
tained by integrating out all angles of two-body decays,
and have the expression:

64 3 Po

W, ¢1) = _(1 +ag,)1+ag)1+ay)’

(26)

Since the unpolarized operator #, in Eq. (11) depends on
the beam polarization, the statistically measured polariza-
tion observables are also affected by the values of p; and
pr. The measurements can be quantified by the weighted
polarizations of Q, defined via

P = /piw(91,¢1)d00891d¢1, (27)

where i€{0,x,y,z}. Explicitly, the expressions of the
weighted distributions for cos; or ¢, are

4
AP0 o 1+2a,.c08* 6, +a? (0034 6, + P gint 01> ,
dcos6, 2
(28)
d{P.) .
dcosgl o< pr, sm01 N (29)
d{P.)
dcoszﬂl o ppcosé, (30)
d{P, .
dcfoé‘gl o sinf; cos b, , 31)
d{Py) 2a, 2
1 1+2 2
o 3 (1+2p7cos2¢,)
cx? 2 2
+ g(l +2p7cos2¢)”, (32)
d{P, .
Vi o p,—prtanA;sin2¢,, (33)

d¢,

where the factor p; is retained for the distributions that
have terms depending on p;. Except cos8, distribution of
(Py) or {P,), other distributions are fluctuating only when
the beams are polarized. The plots for Egs. (28), (32) and
(33) for different beam polarizations are given in Fig. 8,
respectively. The ¢, distributions for weighted ¥, and P,
are trivially zero. Furthermore, the values of p; and A,
can be determined by combining Egs. (24) and (33) un-
der fixed aq, and pr.
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Fig. 8. (color online) Weighted polarizations of Q. as functions of ¢; or 6, at different transverse beam polarizations. Here p; = 0 is used.

IV. SENSITIVITY OF ASYMMETRIC PARAMET-
ERS MEASUREMENTS

Sensitivity estimation is fundamental to experimental
design, which links physical measurement precision to
data statistics. We refine sensitivity estimation by using
the entire decay chain for Q.. Our calculations show the
expected precision for asymmetric parameters relative to
data statistics. This method applies to similar decay pro-
cesses. As large-scale facilities like STCF [26], sensitiv-
ity estimation is urgently needed to guide the plan for
data collection. Currently, the STCF detector and offline
software system are in the research and development
stage. Therefore, according to the design report [26], the
reconstruction efficiency of this process is estimated to be
30%. We can discuss whether the-facility could confirm
or exclude certain theoretical scenarios after considering
the impacts of the branching fractions and reconstruction
efficiencies.

Our estimation is based on maximum likelihood
method. For the observed data sample of N events, the
likelihood function is expressed as [50]

N
L(ai’¢i’amaﬂcaaﬂ’aaA) = H(W], (34)

i=1

where 6; and ¢; represent polar angle and azimuth angle.
The function depends on relative decay parameters
@, aq,, @@, and is computed based on the probability
of the i-th event W;, whose distribution is normalized.
Then the relative uncertainty for estimating statistical
sensitivity to parity parameter aq, is defined as

Vv Viaa)

oag,) = , (3%5)
@, |
where the inverse of the variance is given by
1 ow]
-1 _
V' (ag)=N / = { aag(} Hdcos@id@, (36)

where the N _denotes the number of observed events [50].
We consider a set of possible values of aq, to plot their
sensitivities shown in Fig. 9. At a fixed number of events,
the statistical sensitivity is a monotonically decreasing
function of the absolute value of the asymmetry paramet-
er. The phases A, = /4 and A =n/3 are employed here,
and other sets of phase angle values do not significantly
affect the statistical quantities.

We are particularly interested in the dependence of
statistical sensitivities on asymmetry parameters and
beam polarizations. The distributions of §(aq, ) for four
choices of the beam polarizations are plotted in Fig. 10
with aq, fixed at 0.7. The sensitivity improves as its
value decreases by approximately 10% when the beam is
transversely polarized at p;y = 1 compared to an unpolar-
ized scenario, and the value decreases by approximately
34% when the beam is longitudinally polarized at p; = 1.

Indeed for identifying significance of CP violations,
the statistical sensitivity of Acp in Eq. (6) can be estim-
ated if @q, and a@g, are considered as non-correlation, via
error propagation formula:

2 \/aéré(@gc )2 + a2, 8ag, )

S(Acp) = B .G
(aq, —ag,)
frorrprrrrprrrTprTrTprT T T T
— o [=0.01  —a, |=0.1
1B lotg, 1=0.7 lo, 1=0.95 4
o z
0 =
210" =
.a E E
c ]
(<)) -
w

10% E

3 Ll 000X 10°

100 200 300 400 500 600 700 800 900 1000
Expected number of events
Fig. 9. (color online) The aq, sensitivity distributions relat-

ive to signal yields in terms of three different values.
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p,=0,p =10 —p =1.0,p=1.0

Sensitivities
o

10% Lol b b b b x10°
100 200 300 400 500 600 700 800 900 1000
Expected number of events
Fig. 10. (color online) The aq, sensitivity distributions relat-

ive to signal yields in terms of different beam polarizations.

where 6(ag,) is the sensitivity for Q. system. The plots
for sensitivity 6(Acp) is shown in Fig. 11 with choosing
three different values of aq,. The sensitivity and the CP
parameter are positively correlated when other variables
are fixed, and the bands are used to display uncertainty
from variation [Acp| < 0.076. Though the direct CP viola-
tion from weak interactions for decays of charm baryons
is of order 107* or less, we adopt the upper limit 0.076
from experiment [51] to involve possible ‘enhancements
from other mechanisms. The value of Ac-p canbe ob-
tained by combining Egs. (6) and (21), associated with
determined «g, from the conjugation decay. The 6(Acp)
for four choices of the beam polarizations are plotted in
Fig. 12 with aq, fixed at 0.7. They exhibit similar line
shapes and evolutionary trends in Fig. 10.

The expected number of observed signal events each
year is estimated, assuming that the cross section of
efe” > Q0. is approximately equal to that of
e*e” — AFA; [52, 53]. The branching fractions of inter-
mediate processes and detection efficiency have been
considered in detailed calculation. The branching frac-
tion of Q.— Q 7t decay has been computed in Ref.
[54—-57] and the value 4.2% [54] is chosen in our analys-
is. The branching fractions of Q™ — AK* and A — pn~
are taken from Particle Data Group [58]. The detection
efficiency of the signal channel is roughly estimated to
30%. Therefore, the observed Q.— Qnt - AK*nt —
prK*n* yields are expected to ~ 0.37 million at STCF.
Approximate values for aq_, inferred from the predicted
parameters of =7 and Z° [49], can be tested at the STCF
with a precision of 0.48% and 0.34% for |aq,|=0.7 and
0.95, respectively, as shown in Figure 9. The expected
CP violation in Q. — Q 7" decay from weak interac-
tions is on the order of 10~° to 107'°. Therefore, it is es-
timated that at least 2.0 x 10'® Q_.Q. events are required to
observe CP violation, under the assumption of
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The uncertainty from CP parameter is |Acp| < 0.076.
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Table 2.  Statistical sensitivities a,, and 6., for different
parameter assumptions based on expected 0.37 million events.

Here, Acp is set to 0.001.

Assumed parameters Sagy (%) S 705 (%)
o, =07, pr=0,pr =0 0.48 0.49
g, =095, pr=0, pL=0 0.34 0.27
g, =095, pr=1.0, p. =0 0.28 0.22
g, =095, pr=0, p.=1.0 0.16 0.13
g, =0.95, pr=1.0, p, = 1.0 0.14 0.10

g, =0.95. We can achieve precise measurement of de-
cay parameter and CP parameter at STCF, but the data
sample is not sufficient to observe CP violation unless
some new physical contributions are made. The detailed
statistical sensitivities 6(aq,) and &6(Acp) for different
parameter assumptions are listed in Table 2.
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V. SUMMARY

The beam polarization can affect the transverse and
longitudinal polarization distributions of Q., as well as
the angular distributions of 8, and ¢; in the center-of-
mass frame of the electron-positron system. By measur-
ing the angular distribution of the Q. and particles from
Q. decay, we can infer the contributions of the trans-
verse and longitudinal polarization of the electron-
positron beam. Although both longitudinal and trans-
verse beam polarizations can improve the precision of de-
cay parameters and CP parameters, the longitudinal po-
larization exhibits greater sensitivity than the transverse
polarization.

Currently, experiments have achieved preliminary
control of beam polarization. For future studies, particu-

larly in precision CP measurements, achieving control-
lable transverse and longitudinal polarization with high
polarization ratio will be crucial. In this study, we evalu-
ate the sensitivities of the asymmetry parameters and CP
violation in the decay Q.— Q™ zn* under various data
sample sizes and beam polarization conditions. If the de-
cay parameter itself is larger, the sensitivity will be better,
which means that an accurate result can be measured ex-
perimentally. The polarization-dependent angular distri-
butions and sensitivity estimates developed in this work
can be used to enhance the verification of various theoret-
ical predictions for related decays such as =% — =%z and

0 — = x* at the STCE. This work represents the first in-
vestigation of P and CP violation in the two-body decay
of Q., providing essential theoretical support for future
experiments; such as STCF.

=)
—_
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