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Prospects of CP violation in A decay with a polarized electron beam
at the STCF*
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Abstract: Based on 1.89x 108J/y — AA Monte Carlo (MC) events produced from a longitudinally-polarized elec-
tron beam, the sensitivity of the CP violation of A decay is studied using fast simulation software. In addition, the

J/y — AA decay can be used to optimize the detector response using the interface provided by the fast simulation

software. In the future, the STCF is expected to obtain 3.4 trillion J/y events, and the statistical sensitivity of the CP

violation of A decay via the J/y — AA process is expected to reach O(10~>) when the electron beam polarization is

80%.
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I. INTRODUCTION

The standard model (SM) describes elementary
particles and their interactions and is highly consistent
with most current experimental results. However, it falls
short in providing a complete explanation for the ob-
served preponderance of matter over antimatter in the
universe. The study of CP violation provides a crucial
perspective on understanding the origin and nature of this
fundamental asymmetry, as well as exploring physics
beyond the SM [1-3]. To date, CP violation has been dis-
covered in the decay of mesons such as K [4], B [5, 6],
and D [7] but not yet in any baryon decay.

In 1956, Lee and Yang first proposed the violation of
parity (P) in weak decays of baryons and later pointed out
that violation of parity also implies a violation of charge
(O) conjugation symmetry [8]. When studying the decays
of a spin-1/2 hyperon A into a final state comprising a
spin-1/2 baryon p and =z, it is observed that the parity-
even amplitude results in a p-wave state, whereas the par-
ity-odd amplitude leads to an s-wave state. The amp-
litudes P; and S, are used to denote the parity-even and
parity-odd amplitudes, respectively. The decay paramet-
ers of baryons can be represented by the formula
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vasa proposed that the observable quantity of CP viola-
tion could be constructed using asymmetric parameters in
the decay of hyperons. They predicted that the CP viola-
tion of A — pn~ in the SM is O(107%) [9]. As a result, the
decay of hyperons is sensitive to sources of CP asym-
metry from physics beyond the SM [10]. In the CP-con-
serving limit, the amplitudes S| and P; for the charge-
conjugated (c.c.) decay mode of the antibaryon A — pr*
are S| =-S5 and P, = P. Therefore, the decay paramet-
ers - (A— pn~) and a, (A — pr*) have opposite val-
ues, that is, a_ = —a,.. CP asymmetry can be described as

@ ra .If CP is conserved, Acp =0 [11, 12].

_—ay

Experiments specifically aimed at observing hyperon
CP violation were conducted by Fermilab E756 [13] and
HyperCP [14]. In these experiments, the sum of the ob-
servables AZ, + Ay, for 2~ — An~(27) and A — pr(A,)
was 0(7)x 107 [15]. The SM predicts that AZ,+Ap, is
-0.5x107* < A%, +A1C\;’D <-0.5x10"* [16]. In 2019, BE-
SIII adopted an innovative method to study CP violation
using hyperon-antihyperon pairs based on 1.3x10° J/y
and obtained the most accurate measurement results at
that time, Acp=-0.006£0.012+0.010 [17]. Sub-
sequently, BESIII updated the result using 10 billion J/y
events to Acp = —0.0025 +0.0046 +0.0012 [18]. Neverthe-
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less, the sensitivity of experiments to CP violation still
does not meet theoretical predictions and is currently
mainly limited by the statistical uncertainty [19, 20].

The Super Tau-Charm Facility (STCF) is one of the
most important accelerator-based particle physics large-
scale scientific devices after the BEPCII collider [21].
The STCF was designed to collect over 1 ab~! of data
and has great potential in improving luminosity and real-
izing beam polarization. It is expected to provide
3.4x10'2J/y events, and an electron beam polarization of
80-90 at J/y energy is expected to be achieved with the
same beam current [22]. In this paper, we focus on the
study of J/y — AA and show how the precision of the
CP violation of A decay in J/yy — AA — ppr*n~ is re-
lated to the polarization of the electron beam.

II. STCF DETECTOR AND MONTE CARLO
SIMULATION

Currently, the STCF is in the research and design
stage. The center-of-mass energy (+/s) designed for the
STCF ranges from 2 to 7 GeV, with a peak luminosity of
at least 0.5x10% cm ~2s7! or higher at /s =4.0 GeV.
Moreover, luminosity upgrade space will be left and the
beam polarization operation of the second phase will be
achieved. The STCF will serve as a crucial experiment to
test the SM and study potential new physics.

To manifest the expected high-precision with high-lu-
minosity samples, the detector design of the STCF must
meet the following requirements: a large coverage angle,
high detection efficiency and good resolution of particles
resulting in rapid triggering, and high radiation resistance.
The preliminary design of the STCF detector mainly con-
sists of a tracking system composed of inner and outer
trackers, a particle identification (PID) system with 7/K
and K/m misidentification of less than 2% with the PID
efficiency of K/m over 97%, an electromagnetic calori-
meter (EMC) with an excellent energy resolution and
good position resolution, a super conducting solenoid,
and a muon detector (MUD) that provides good n/u sep-
aration. Detailed requirements for each subdetector
design can be found in Refs. [23, 24].

A fast simulation software, specifically designed for
STCF detectors, has been developed to investigate their
physical potential and further optimize detector design
[25]. Instead of simulating the objects in each subdetect-
or using Geant4, the fast simulation models their re-
sponse, including efficiency, resolution, and other factors
used in data analysis, randomly sampling based on the
size and shape of their performance. The performance of
each subdetector for a given type of particle is described
by empirical formulas. The scaling factor can be adjusted
according to the performance limitations of the STCF de-
tector, and these configurations can be easily interfaced.

For this analysis, five groups of signal MC samples,
J/y — AN — pprntn~, are generated according to the
amplitude described in Sec. III and analyzed using the
fast simulation package to investigate CP violation. Each
group consists of 1.89x 10%J/y — AA events with the po-
larization rate of the electron beam ranging from 0 to 1,
with a step size of 0.2. The obtained signal events are cal-
culated using the following formula:

Nsig = NJ/IJI XBJ/://%A[\ XBA—»p;r XB[\%]‘)]{*; (1)

where Ny, represents the number of signal events, and
Ny, represents the total number of J/y events as 0.1 tril-
lion. Additionally, 8, x> Ba-pr» and B;_, ;.. denote
the branching ratios of J/y —» AA, A - pr~, and
A — pr*, with values of 1.89x 1073, 63.9%, and 63.9%
[26], respectively.

III. FORMALISM

In electron-positron collision experiments, the polar-
ization of the beam is reflected in the produced baryon-
antibaryon pairs. The helicity frame is defined in Fig. 1.
For the decay J/y — AA, the 2 axis follows the direction
of the positron momentum. The %; axis is defined along
the momentum vector of the A baryon, denoted by p, =
—px = p in the center-of-mass system of the e*e™ colli-
sion. The §, axis is perpendicular to the production plane
and oriented along the vector k x p, where k,- = -k, =
k is the momentum of the electron beam. The scattering
angle of A is given by cos#, = p-k, where p and k are
unit vectors along the p and k directions, respectively.
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Fig. 1. (color online) Definition of the coordinate system

used to describe ete” — AA — pprta.

The general expression for the joint density matrix of
a AA pair is [27]

3

Pai = Y Cuoy ®0, )
pv=0

where a set of four Pauli matrices a-f}(o-{}) in the A(A)
rest frame is used, and C,, is a 4x4 real matrix repres-
enting the polarization and spin correlations of the bary-
ons. The elements of the C,, matrix are functions of the
production angle € of the A baryon [2§],

113001-2



Prospects of CP violation in A decay with a polarized electron beam at the STCF

Chin. Phys. C 47, 113001 (2023)

1+aycos’@ Yy P,sind
YyP,sinf sin? 6
—By sinfcos b 0
—(1+ay)P.cosf —yy,sinfcosd

where B, = \/1-ajsinA®, y, = \/1-ajcosA®, aj+
Bj+v; =1, and P, is the polarization of the electron
beam. Two factors are naturally connected to the process
of the ratio of two helicity amplitudes @, and the relative
phase of the two helicity amplitudes A® in the real coef-
ficients C,,, of Eq. (3). The joint angular distribution of
the p/p pair within the current formalism is described as
follows [27]:

3

A A

Tippp < E @, @,
pu=0

“)

where aﬁ(@l, 01, ) and cx{}(@z, @2, ay) represent the
correlations of the spin density matrices in the sequential
decays, the full expressions for which can be found in
[27], and a_(a4) are the decay parameters for A — pr~
(A — pr™). In the helicity frame of A, 6; and ¢; are the
spherical coordinates of p relative to A. An event of the
reaction J/y — AA — pprtn~ is specified by the five di-
mensional vector &= (6, Q1(01, ¢1), Q(62, ¢2)), and the
joint angular distribution “W(¢) can be expressed as

WE) =Fod+ MSin(ACD)(a+ Fr—a_-F2)
ta—a (Fr+ @COS(A@)~% +ay - Fs)

ta--Fetay - Fr—a_a,Fs,

®)

where the angular functions F;(¢) (i =
defined as

0, 1,..., 8) are

Fo&) = 1 +ay cos? 6,

F1(&€) = sin® fsin 6 cos ¢ sinb, cos ; —cos? Gcos f) cos 6,
F2(£) = sinfcosO(sin b cos b, cos ) —cos b sind cos ),
F3(£) = sinfcosHsinb; singy,

Fa(£) = sinfcosPsin; singy,

F5(&) = sin® Osin6; sing sin 6 sin s — cosb; cos by,

F6(&) = Pe(yy sinfsinf; cos gy — (1 +ay)cosfcos b)),
F1(&) = Pe(yy sin@sin cos s + (1 +ay) coscos 6),

F3(&) = Pefy sinB(cos b sin, sing; +sinéy sing; cosbs).
(0)
Eq. (5) contains four terms: F; describes the angular dis-
tribution of A, and #3; and ¥4 account for the transverse

Bysinfcosd (1 +ay)P,cosb

0 Yy sinfcosf

> . ®)
ay sin“ 6 —ByP.sinf
—ByP.sind  —ay, —cos’6

polarization of A and A, respectively. The spin correla-
tions between the two hyperons are described by 7, 72,
and Fs. The terms Fg, ¥7, and Fg describe the beam po-
larization. In Eq. (5), the input values of a_, ., @y, and
A® are all from Ref. [18]. A study is conducted on the
observable Acp, which represents the magnitude of CP
violation, under different polarization rates. Acp is
defined as Acp = % Using the maximum likelihood to
fit the angular distribution of Eq. (5), a— and a, can be
extracted and Acp can be calculated. Experimentally,
statistical error plays a dominant role in assessing the
magnitude of CP violation. Hence, this study primarily
investigates the statistical error associated with the mag-
nitude of CP violation under different polarization rates.

The A polarization vector P, is defined in the rest
frame of A, as shown in Ref. [28]:

Yy Pesinx) — By sinfcos 691 — (1 +ay )P, cos b2

Py =
A 1 +ay cos?6

(M

The distribution of the module of [P,| against the polar
angle of A is determined, as shown in Fig. 2.

The relationship between electron beam polarization
and the polarization of A can be described by the follow-
ing formula [28]:

(1- az)sinz(Ad)) arctan +/a,
(Pa) =2¢— <3 +2ay—-3(1 +a¢)7¢/>
oz‘/,(3 +ay) Vay
3(1+ay)? - arctan /@,
(ray) () 1=y 2 pg) 22 Vo P2
a¢(3 + Cllp) 1+ @y Vay
®)
1.2¢
1 0.: o Pe=0 et
P e, P=0.8 e
0.8} =10
o 06
0.4
0.2
Fig. 2.  (color online) Distribution of P, against cosd. The

red circles, green squares, and pink triangles represent the
three cases of electron beam polarization 0, 0.8, and 1.0, re-
spectively.
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Figure 3 provides an intuitive representation of the
relationship between the polarization of A and the polar-
ization of the electron beam.

0.2

1 1

C L
0.0 0.2 0.4 0.6 0.8 1.0

1 1

Pe
Fig. 3. Relationship between the polarization of A and the
polarization of the electron beam.

IV. ANALYSIS OF J/y — AA — ppr*n~ VIA FAST
SIMULATION

Charged tracks are selected based on the criteria in
the fast simulation. Efficiency loss occurs owing to the
acceptance requirement |cosé| < 0.93, where @ is set in
reference to the beam direction, and the requirements on
the A mass and decay vertex. The decay process J/y —
AA can be described as follows: A decays into a p and
n~,and A decays into a p and n*. Therefore, the candid-
ate event must have at least four charged tracks. Charged
tracks are divided into two categories, where positively
charged tracks are p and =", and negatively charged
tracks are p and n~. Based on the momentum of the
tracks, the momentum of the particle track can sub-
sequently be identified as p(p) or n*(n~). Specifically,
particles with a momentum exceeding 500 MeV/c are
identified as p(p), whereas those with a momentum less
than 500 MeV/c are classified as n"(n~). For selected
events, multiple charged tracks must be present for p, p,
7, and n~. A second vertex fit is performed by looping
over all combinations of positive and negative charged
tracks. The p(p) n~(n*) pairs selected must decay from
the same vertex. The invariant mass of A(A) must fall
within the range 1.1107 < M, < 1.1207 GeV/c? (1.1107 <
Mjr < 1.1207 GeV/c?). Figure 4 shows the spectrum of
the energy invariant mass of p and 7~ from A in the mass
frame after applying the aforementioned selection criter-
ia, corresponding to approximately 3.5 times the mass
resolution of A. The event selection efficiency is finally
determined to be 38.2%. The influence of the polariza-
tion of the electron beam on event selection efficiency is
also studied, and the selection efficiency is found to be
unaffected by beam polarization.

V. OPTIMIZATION OF DETECTOR RESPONSE

To enhance the performance of the detector, the mo-
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Fig. 4. (color online) Spectrum of the invariant mass of p
and n~in the mass frame of A. The black dots with error bars
represent the signal MC sample. The blue solid curve repres-
ents the fit results, where the signal function is a double Gaus-
sian consisting of a pink dashed line and green dashed line.
The background is represented by the solid red line, which is
modeled using a second-order polynomial.

mentum resolution and selection efficiency of the charged
tracks can be further optimized with the help of the fast
simulation software. The optimization results are presen-
ted below.

e Tracking efficiency

The detector is capable of identifying the following
charged particles in the final state: electrons, muons, pi-
ons, kaons, and protons. A wide momentum range must
be covered while maintaining a high reconstruction effi-
ciency throughout this range. To further enhance the cap-
ability of reconstructing low-momentum tracks, different
materials or sophisticated tracking algorithms can be em-
ployed to further enhance the capability of low mo-
mentum track reconstruction in the design portion of the
STCF tracking system. The low momentum final-state
particles 7 mesons are produced by the decay J/y —
AA — pprta~, which is a useful option for enhancing the
resolution of low momentum particles and optimizing de-
tector response. In this analysis, the tracking efficiency
scaling factor is gradually increased from 1.0 to 2.0. The
scale factor represents the ratio of the efficiency. Figure 5
shows that the final selection efficiency greatly improves
between 1.0 and 1.1, resulting in an improvement from
38.2% to 43.7%.

e Momentum resolution of tracking

In the fast simulation, the momentum resolution of
the charged track can also be adjusted for improvement.
The resolutions of the tracking system in the xy plane and
z direction are o, and o, respectively. The default val-
ues of oy, and o, are 130 um and 2480 pm, respectively.
Optimization is performed on o, from 0 to 130 pm, and
on o, from 0 to 2480 pm, resulting in no significant
change in detection efficiency, as demonstrated in Fig. 6.
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Fig. 5. (color online) Scales of charged track efficiency

against selection efficiency.
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Fig. 6. (color online) Momentum resolution of charged
tracks against selection efficiency.

VI. ANGULAR DISTRIBUTION FITTING

Based on the joint angular distribution, a maximum
likelihood fit is performed with four free parameters (ay,
a—, a;, and A®). The joint likelihood function, as
defined in Ref. [29] and shown in Eq. (9), is used for this

purpose.

N
L= Hp(fi,a¢,a_,a+,A®)

i=1

N
=[[eWE ay.a-,ar, AD)e@), ©)

i=1

The probability density function of the kinematic vari-
able & for event i, denoted as P(£, oy, a_, ay, AD), is
used in the maximum likelihood fit. The fit is performed
using Eq. (6), where W(&, ay, a-, ay, AD) represents
the weights assigned to each event. The detection effi-
ciency is represented by e(&'), and N denotes the total
number of events. The normalization factor, denoted as

NN‘C . : .
C'= 5 Z:I’M/(f«’ , @y, @-, @y, AD)e(¢’), estimates the
J=

Nuc events generated with the phase space model, which
is approximately ten times the size of mDIY MC. Usu-
ally, the minimization of -Inf is performed using
MINUIT [30]:

N
—Inf=- ZlanW(gi,aw,a,,m,AcD)e(g"). (10)

i=1

In this analysis, we extrapolate the sensitivity of CP viol-
ation for a large number of J/y events generated at the
future STCF, considering the effects of excessive disk
pressure. This extrapolation is based on the relationship
between the sensitivity of CP violation and the generated
0.1 trillion J/y events. We investigate this relationship
using a sample size ranging from 0.01 to 0.1 trillion J/,
with a step size of 0.01 trillion J/. The sensitivity ana-
lysis is presented in Fig. 7, where we examine the impact
of event statistics on the sensitivity of CP violation. The
sensitivity can be described using the following formula:

o4, X VN = k. (11)

The variable Nj, represents the number of events that
pass the final selection criteria, and & is a constant with a
value of 7.82.

As shown in Fig. 7, the sensitivity of statistical errors
increases proportionally with the square root of the num-
ber of signal events. This observation provides a founda-
tion for extrapolating CP violation sensitivity from the
size of the data sample.

Five different beam polarizations are utilized to gen-
erate a sample of 0.1 trillion MC events, with the specific
aim of investigating the quantity o,_,. The resulting five
sets of data points are fit using Eq. (12) [28]:

3 1
PR S — (12

- \/Nag /()

7><10'3
s 4
< £
3k
13
0: | | | | L Ix10°
20 40 60 80 100
J/y sample
Fig. 7. (color online) Blue dots represent the statistical er-

rors on CP violation, and the black line is fit using Eq. (11).
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Under the same sample size, the obtained results align
with those in Ref. [31], maintaining consistency at the or-
der of magnitude level. By extrapolating the number of
J/y events based on the 3.4 trillion events expected to be
generated annually by the future STCF, as demonstrated
in Figs. 7 and 8, it is apparent that the statistical sensitiv-
ity of CP violation will reach the order of O(1073) at a
beam polarization of 80%.

x10°

1.5
510
b L
0.5-

| | | | | | | |

0.2 03 04 05 06 0.7 0.8 09

Pa
Fig. 8. (color online) Blue dots represent the values of 4.,

under different A polarizations.

VII. SUMMARY AND PROSPECTS

In this study, the detection efficiency and CP viola-
tion sensitivity of the J/y — AA — ppn*n~process under
different beam polarizations are investigated using
1.89x 1087/ — AA MC samples generated by the fast
simulation package developed during the pre-research
stage of the STCF. We find that the polarization of the
electron beam does not affect the final detection effi-
ciency, however, the sensitivity of CP violation in-
creases with increasing electron beam polarization.
Moreover, if the tracking efficiency of charged particles
with low momentum can be improved by 10% compared
to the baseline in the fast simulation, the final detection
efficiency will significantly improve by 14.3%. This
places high demands on each sub-detector in the expec-
ted STCF design. If the future STCF can achieve signific-
ant luminosity improvement and beam polarization, the
sensitivity of CP violation will be greatly enhanced, mak-
ing it an ideal place to test CP violation in the SM.
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