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Only when the MC simulation with correct position/momentum resolution compared to data, the 10 on the parameters is unbiased.

Public summary

m In the probe of CP violation in hyperon decays at future STCF, the expected statistical sensitivity of hyperon decay para-
meters will reach a level of O(10)—O(107%), making systematic uncertainties a key limited factor.

m Refined vertex fitting method that accurately accounts for track energy loss effect can effectively reduce the correspond-
ing systematic uncertainties.

m A biased simulation of detector resolution will introduce deviation of the decay parameters from true physical value.
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Abstract: The study of the charge conjugation and parity (CP) violation of hyperon is the precision frontier for probing
possible new CP violation sources beyond the standard model (SM). With the large number of quantum entangled hyperon-
antihyperon pairs to be produced at Super Tau-Charm Facility (STCF), the CP asymmetry of hyperon is expected to be
tested with a statistical sensitivity of 10* or even better. To cope with the statistical precision, the systematic effects from
various aspects are critical and need to be studied in detail. In this paper, the sensitivity effects on the CP violation para-
meters associated with the detector resolution, including those of the position and momentum, are studied and discussed in

detail. The results provide valuable guidance for the design of STCF detector.
Keywords: BESIII experiment; STCF; hyperon CP violation; detector resolution; unbiased test
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1 Introduction

Principles of symmetry play a crucial role in the frontier of
particle physics!'. Violation of the joint charge conjugation
and parity (CP) symmetry in fundamental interactions is a
key observable for understanding the dynamically generated
matter-antimatter asymmetry in the Universe”. The discov-
ery of CP violation (CPV) in the kaon system helped to estab-
lish the Kobayashi—-Maskawa (KM) mechanism in the stand-
ard model (SM) of particle physics and won the physics
Nobel Prize in 19808, To date, CPVs have also been ob-
served in both the B meson and the charm meson systems!’,
which are highly consistent with the SM predictions in terms
of magnitude. However, the effects observed in the meson
sector are too weak to explain the observed matter-antimatter
asymmetry of the universe®. The KM mechanism of the SM
also predicts a series of CPV phenomena in the baryon sector,
which have not yet been observed” . Therefore, CP tests in
the baryon sector are regarded as a promising window to
search for new physics beyond the SM.

Similar to the case in the kaon mesons, the direct CPV ef-
fects in hyperon decays occur through the penguin diagrams
in the SM". To generate a CP asymmetry, two coherent
amplitudes are needed. In K, — 7'z, the direct CPV arises
from the interference of the two amplitudes with iso-spin
changes Al =1/2 and AI =3/2 in the S-wave transition'".
However, in the hyperon weak decay ¥ — Yr where Y and
Y denote the initial and final state hyperons, respectively, the
direct CPV arises from the interference of amplitudes with S
wave and P wave!”!. Therefore, the study of CPV in hyperon
decay is a complementary approach in two-body nonleptonic
AS =1 transitions.

0405-1

Three experimental observables are the decay width I" =
22

fF(lSlz +|PP), the
a= %, and ¢ = arg[(S + P)(S*—P’)], where Gy is
Fermi coupling constant, Re denotes the real part and arg rep-
resents extracting the complex phase. It can be constructed
with the decay amplitudes of the S -wave and P-wave trans-
itions in hyperon decays!*". According to the above defini-
tions, the decay widths and decay parameters are all CP-odd,
and can be used to construct CPV observables as follows:

decay asymmetry parameters

r-r
Aep= ——,
T r+r
a+a
Aep= ——, (1)
-
+
A‘bcp:%-

The SM predicts the CPV of the above observables ran-
ging from O(107) to O(107), depending on the different
CPV observables used”'”. Some phenomenological models
beyond the SM allow the asymmetry to be increased by or-
ders of magnitude!”, and offer opportunities to discover new
physics.

Since 2019, the BESIII experiment has demonstrated its
great potential in searching for hyperon CPV in the e*e”
collider"”. With the large J/¥ sample collected by the
BESIIT detector and the large branching fraction of
J/yy — YY, where YY denotes hyperon and anti-hyperon
pairs, tens of millions of quantum entangled hyperon and anti-
hyperon pairs are obtained. Moreover, the hyperon pairs pro-
duced in the J/¥ decay are found to be naturally polarized
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transversely due to the non-zero phase of two helicity amp-
litudes. In the decay J/y — Y, the transverse polarization of
hyperons P, is expressed as

1 —a;sinfcosd

1+a,cos’6

P, =-

8 SinA®, (2)
where @, and AP are the corresponding production paramet-
ers and are explained explicitly in Section 3. Table 1 summar-
izes the branching fraction, @,, A®, and the maximum polar-
ization P} of the hyperons produced in J/¢ decay, as well
as the latest results of A, for various hyperons from the
BESIII experiment, where the CPV tests are most precise in
the world to date although the statistics of hyperons in the
BESIII are three orders of magnitude smaller than those of the
fixed target experiments. Benefiting from the features of po-
larization, quantum entanglement, a clean environment, and
high precision at the e*e™ collider, the sensitivity of CPV tests
in hyperons is expected to improve significantly. The future
e*e” facility with much increasing luminosity operating in the
T-charm energy region, Super Tau-Charm Facility (STCF)",
offers a promising opportunity for breakthroughs in this field.

The proposed STCF will operates at center-of-mass (c.m.)
energies from 2 to 7 GeV, with a peak luminosity of
0.5x10® cm™-s™" or even higher. Under the assumption of
60% efficiency in data taking, it is expected to collect more
than 1 ab™' data per year, corresponding to around 3.4 trillion
J/¥ events with the current designed energy spread of
0.027%.

On the basis of the current design performance of the spec-
trometer, the statistical sensitivities of the CPV test for the
hyperons in the decay J/¢ — YY are of the level of
O(10*)—0O(107), which are comparable to those of SM
prediction***!. According to Ref. [25], changes in detector
resolution can lead to variations in signal efficiency. There-
fore, the systematic uncertainty is crucial for the searches for
new physics.

In this paper, we focus on the study of J/¢r — AA and
J/y — Z-2* and show how the detector resolutions affect the
sensitivity of CPV parameters.

2 STCF spectrometer and Monte Carlo
simulations

The STCF spectrometer is a general purpose detector de-
signed for an e*e” collider. From the interaction point out-
ward, it consists of a tracking system composed of an inner
track detector (ITK) and a main draft chamber (MDC), a
particle identification (PID) system that consists of a ring
imaging Cherenkov (RICH) detector in the barrel region and

a detection of internally reflected Cherenkov (DIRC)-like
time-of-flight (DTOF) detector in the endcap region, provid-
ing 40 charged K/m separation up to 2 GeV/c, an electro-
magnetic calorimeter (EMC) with excellent energy resolution
of approximately 2.5% for 1 GeV photons and good time res-
olution of about 300 ps for 1 GeV energy deposits, a super-
conducting solenoid and a muon detector (MUD) which
provides good charged m/u separation. The detailed concep-
tual design for STCF spectrometer can be found in Ref. [18].

The detection efficiency and spatial resolution for charged
tracks are essential in the studies of the hyperon CPV tests.
The charged tracks are detected with the ITK and MDC sys-
tems. The ITK consists of three layers of low-material budget
silicon or gaseous detectors, with each layer having a materi-
al budget of approximately 0.25% X/X,. The single-hit spa-
tial resolutions in the r—¢ direction and beamline direction
are expected to be better than 100 um and 450 pum, respect-
ively, enabling high detection efficiency for low-momentum
tracks. The helium-based MDC is the primary subdetector of
the tracking system, providing efficient and precise trajectory
measurements for charged particles with a momentum resolu-
tion better than 0.5% at 1 GeV/c and the ionization energy
loss dE/dx resolution of approximately 6% for electrons from
Bhabha scattering.

To study the detector performance, two kinds of Monte
Carlo (MC) samples are used. One is the processes
J/y — AA and J/y — E-Z" that are generated based on the
BESIII offline software system (BOSS), with full GEANT4
simulation, which is used to study the reconstruction perform-
ance of A and Z- along with the decay length with current
available vertex fit methods. About 5 million J/y¥ — AA
— pnprt events and 50 million J/y — E(Ax)E(ArY) —
prnn”prr* events are used in this study. The other is the
process J/¥ — AA, which is based on a GEANT4-free fast
simulation package™, which takes the same event generator
as the first one, but takes the resolution and efficiency re-
sponses for the tracking of final state particles, the PID sys-
tem and kinematic fit related variables via sampling. Approx-
imately 7.7x10° J/¢ — AA — pr pr* events, correspond-
ing to 1 trillion J/¢, are used in this detector performance
test. Since the STCF detector and the corresponding offline
software system are in research and development, the later
simulation provides a flexible interface for adjusting the per-
formance of each subsystem, which can be used to optimize
the detector design according to the physical requirements.

3 Formalism

The decay amplitude of low energy hadron processes can be
formulated phenomenologically resorting to the electromagnetic

Table 1. The branching fraction, the production parameters «, and A®, and the maximum polarization Py™* produced in J/y decay, the latest results of

Acp for various hyperons are summarized.

YY mode B(x1073)1 ay AD pmar Acr

J/w = AR 1.89+0.09 0.475 +0.003 0.752+0.008 25% —~0.0025 +0.0046 +0.001 1
J/y — =FE- 1.07£0.04 —-0.508 +£0.007 —-0.27+0.02 16% —0.004+0.037 +0.010""

)y — 520 117004 0.66+0.06 1.1620.02 27% —~0.0054 £0.0065 00031
Jjy — =& 0.97£0.08 0.59+£0.02 1.21£0.05 30% 0.006 +0.013 % 0.006 =
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form factors for the implicit understanding of the inner struc-
tures of hadrons and the unreliable accuracy when applying
QCD sum rules. Taking J/ — AA as an example, the gener-
al formula is expressed as™”

IM(e'e” — A(s)A(s))F = KL K(sy,55), 3)

where K is a prefactor related to the propagator involving un-
stable particle J/y. L and K are lepton tensor and hadron
tensor. And s,, s, are spin-four vectors for A and A. L can
be directly calculated out and K is embedded in form factors
through the hyperon vertex function

. 2M
L (pi,py) = —ie|Gyy, — E(Gﬁ -G, | 4)
where Gy is the magnetic form factor, Gy, is the electric form
factor, and the A-decay distributions in the A-rest system are
evaluated such that

IM(A(s)) = prO)lP = Ryl +au 1, - m)], (5)

|M(/_\(52) - ﬁ”+)|2 =R,\[1 +a’2i2 ‘], (6)

where 1 1(i2) is the unit vector in the direction of the proton
(antiproton) momentum in the A(A)-rest frame. @, and a, are
the decay asymmetry parameters for A — pn~ and A — pr.
R, is determined by the A decay rate.

Using the folding method™, the whole decay cross-section
embedded in the subsequent hyperon decay processes is
formed as

IMP = <IM(e'e” — Als)A(s.)P-
@)
IM(A(s,) = prO)FIM(A(s,) = pro)f >,

where (), , represents the average over the spin-quantiza-

tion directions.
Integrating all the information mentioned above, we can
obtain do o« W(&)dcos0d2,dS2,, where the joint angular dis-

tribution W(¢) is

W(E) =Fy(§) + @, Fs(§) + a1ar(F 1 (§)+
AJ1- @, cOS(ADYF,(€) + a, Fs(£))+
1 - sin(AD)(a, F(§) + ar Fu(€), (8)

which retains only the components that determine the angular
distribution of the cross-section regardless of the angle-
independent factor. A® is the relative phase between the form
factors G% and G%,. a, is the ratio of the form factors con-
structed as

_ SIGyF —4MPIGLP

- , 9
SIGL I +4M?|GL ©)

@,

where M is the A mass and s = (p, + p,)>. The seven F(£)
functions are defined as

Fy=1,
F(€) = sin’ #sind, sin6, cos ¢, cos ¢, + cos> fcos b, cos b,
F,(&) = sinfcos6(sin 6, cos 6, cos ¢, + cos b, sinb, cos ¢,),
F3(§) = sinfcosfsinf, sing,,
F,(¢) = sinfcosOsinb, sing,,
Fy(é) = cos’#,
F4(&) = cos @, cos @, —sin’ sin, sin6, sin g, sin ¢,
(10)

where & = &(6,9Q,,9,) with 6 is the scattering angle of A in
the c.m. system. &, =(6,,¢,) is the spherical angle for the
proton in the A-rest frame, and £, = (6,,¢,) is the spherical
angle for the anti-proton in the A-rest frame. Fig. 1 shows the
coordinate system with the angles mentioned above. The con-
crete coordinate system with basis vectors is defined as

1 N

e.= —(pxk)xp,
sinf

1 X
e,= — (px k). (D
siné

e.=p,

where the scattering plane with the vectors p and k makes up
the xz-plane, with the y-axis along the normal to the scatter-

ing plane. The polarization is in the e, direction and is ex-
pressed in Eq. (2). The polarization occurs when the phase

Fig. 1. The helicity frame and helicity angle in the decay e*e™ — AA — pr~pn*.
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A® is not equal to 0.

4 Reconstruction of J/y — YY

In this analysis, two decay channels, J/¢¥ — AA and
J/y — Z"E* with A = pn~ and E- — An~ — pnn, are used
as benchmark processes to study the reconstruction of hyper-
ons. A brief event selection is introduced based on the gener-
al designed detector as discussed in Section 2. Charged tracks
detected in the MDC are required to be within a polar angle
(0) range of detector acceptance, |cos6| < 0.93, where 6 is the
polar angle with respect to the z-axis. Owing to the long-life
of A and E-, they are likely to travel for a long path before
decay. Thus no requirement for the distance of the closest ap-
proach to the interaction point for charged tracks is applied.
Events with at least 4 and 6 charged tracks are retained in the
physical processes J/¢ — AA (referred to as the A channel)
and J/y — E-E* (referred to as the = channel). Based on the
kinematic characteristics, tracks with momentum greater than
0.5 (0.32) GeV/c are considered as proton candidates, other-
wise, as pion candidates for A channel (2 channel). There are
no further particle identification requirements. Only events
with at least one proton, one antiproton, two pions with op-
posite charges (one proton, one anti-proton, two negative and
two positive charged pions) are saved for further analysis for
A channel (E channel). To reconstruct the correct A and =
for these two channels, vertex fits are performed. To find the
correct A candidate in A channel, all combinations with pro-
ton and 7~ candidates are looping to perform vertex fit.
Events with minimum x* lower than 200, decay length larger
than 0 and the cut on m,,- mass window within five times the
mass resolution are selected as A candidates. The same

procedure is performed for the A decay chain. For
E” — An — pnn~ decay, the A and E~ particles are recon-
structed through vertex fits by first combining the px; pair to
form a A and then the Ax; (i # j) pair to form a E°. Events
with minimum  /(7,, — M=)’ + (m,, — M,)*, decay length
greater than 0 and the mass window cut corresponding to five
times mass resolution for both = and A are selected, where
M and M, are the nominal masses quoted from particle data
group (PDG)!" and m,,,.(m,,) is the invariant mass of the can-
didate Z(A). The same procedure is performed for the =
decay chain.

Two kinds of vertex fit packages are provided officially
based on different treatments on helix tracks. The default
helix track reconstruction considers the energy-loss effect
from the initial point (IP) to the first hit layer which is the
beampipe, while the other one doesn’t. For long-life particles
with secondary decays, the reconstructed vertex would be
unreliable when the default helix track is used because the
decay points are far away from the IP, thus a way called re-
fined vertex fit could reduce such systematic deviation by
using appropriate helix tracks according to the positions of
the reconstructed vertex and their relationships with the beam-
pipe within the inner MDC wall. Explicit indications of such
influence on the reconstructed invariant mass are illustrated in
Fig. 2. Using the refined vertex fit, the impact of above ef-
fects on reconstructed mass is suppressed. Considering the
process E — pn i~ the corresponding results are shown in
Fig. 3. It is found that the energy loss has a tiny effect on the
angular distribution but a large effect on the momentum. The
refined method is effective for correcting the detected proton
momentum.

~— . L5 . ‘ ~— ; —
2 06 S I ivertex fit L2, ivertex fit
> Raar” RN ] >k trefine > irefine
© 04k — i e [5) E [5)
% ’ t vertex fit Q 3 — = -
< - t refine <0.5F e S R e o 1
2 0.2 ey _ 2 i ; B o j
! = O - ! [ oo, ' e .M
§ 0 - o°°%w0°m¢+% § 0 :°° E 0 R FOmOR OO OO
05 5 10 15 03 5 10 15 = 0 5 10 15
(a)  Ry(cm) (b) Ry,z(cm) (¢)  Rg(cm)

Fig. 2. The distribution of the resolution of the reconstructed masses of A and

Z. (a) The resolution of A with respect to the decay length of A in the pro-

cess J/y — AA — prprt, (b) the resolution of A with respect to the sum decay length of = and A in process J/y — E(— An")E(— An*) - prn~n” prntrt, and

(c) the resolution of the reconstructed mass of E with respect to the decay

length of E in process J/y — E(— An™)E(— An*) - pn~n~prtat. The black

points represent the resolutions after secondary vertex fit while the blue points refer to the refined value of the former.

— T ~ 1 T T ~ 20r T
-% i vertex fit kS t vertex fit 2 b i vertex fit ]
o f = fi ] > 15 b 3
g0.5¢ t refine 1 £0.51 t refine 3 ﬁ F t refine 3
= I 1 - 1 s
N bt % < 1 2.0
4 0++ + #+ + # < 0_ ..:‘;:-.—a—;—_i_* . Q~ E
-0.5 L 1 =05 1 0 :Mmm -
+ -1 1 I ] _5:
0 5 10 15 0 5 10 15 0 5 10 15
(a)  Ry(cm) (b) Raszlem) (c) Rawlem)

Fig. 3. The resolution of the reconstructed momenta and angles. (a) The resolution of the polar angle for proton with respect to the decay length of A in
process J/y — AA — pr~prt. (b) and (c) The resolution of the polar angle and momentum for proton with respect to the sum decay length of A and E in
process J/y — E(An")E(Art) — pn~a~ prtat, and the black point represent the resolutions after secondary vertex fit whereas the blue points refer to the re-

fined value of the former separately.
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5 Input-output check with different
resolutions

A possible source of systematic uncertainty in the hyperon
CPV probe arises from the effects of position resolution and
momentum resolution. The MC sample based on the
GEANT4-free fast simulation package with event selection
efficiencies is used in this section. The sensitivities to these
sources are investigated by performing an input-output (I0)
check of the angular distribution parameters (@, , A®, a,, @,),
where @, and a, are the decay parameters of A — pr~ and
A — pr+- With the flexible interface of fast simulation pack-
age, the simulated position resolution and momentum resolu-
tion were uniformly improved from 1 time to 1/10 times of
the original value separately.

To extract the parameters, unbinned maximum-likelihood
fits using samples with different position resolutions and dif-
ferent momentum resolutions are performed on the joint an-
gular distributions. The probability density function of the ith
event is defined by

W(E:;
P&;w) = %

where W(€;;w) is the anger distribution function shown in
Eq. (8), & =€£(0,92,,9,) is the angular vector, w=
w(a,,AD,a,,a,) represents the angular distribution paramet-
ers, and NV(w) = fW(f; w)d¢ is the normalization factor. By
introducing a specific distribution function F, the integration
can also be expressed as

(12)

W& w)
7T (& W) dE. 13
]:(fa winpul) f " df ( )
In our case this specific distribution function F is the same
as that of the integration MC sample W. The numerical integ-
ral is performed via the approximation

N(w) =

BN W(;w)

N@=En Z WE o)’ (14
where M represents the number of integration MC events,
and C is the normalization constant of the integral of
WI(E; winp) Which is irrelevant to the minimization of the like-
lihood function and can be dropped out directly. The corres-
ponding likelihood function is

o= [P =] |52 as)

where N is the observed number of events. Usually, the min-
imization of —In L is performed via the MINUIT package,

—InLE;w0) == ) InPE;w) =
L (16)
—Zan(.f,;w)HnJ\/’(w).

i=1

Each generated sample passes the fast simulation software
with a fixed position resolution or momentum resolution as
previously introduced, and is further divided into 10
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sub-samples evenly. Thus, the 100 subsamples, with 10 cat-
egorized in a group since they have the same resolution, are
used in the following IO check procedure. Each subsample is
treated as pseudo-data and will be fitted with the procedure
introduced above. For the calculation of MC integration N,
the total sample is used when the resolution of the MC integ-
ration sample is different from that of the data, and the other
nine subsamples are combined and used when the resolutions
are the same between the MC integration sample and pseudo-
data. Therefore, all fits are organized in two large
10x10x 10 cycles for the IO check under different position
resolutions and momentum resolutions.

During each fit, an IO check is carried out by calculating
Wijjx — Winpu .
Xig = u, where i denotes the pseudo-data that used
ijksta . . 3
to calculate lW, J denotes the resolution of the MC integra-
tion sample used to calculate AV, and k is the label of the sub-
sample sequence in the total sample with a given resolution.
wyj 1s the fit result of the parameters, wi,,, is the input quant-
ity and 0. 1s the corresponding statistical uncertainty.
Then the quantities

10

ZXijA
k=1

are treated as the sensitive quantities for testing the detector
capabilities.

The results of y;; are summarized in Fig. 4 for the position
resolution IO test and in Fig. 5 for the momentum resolution
10 test. The labels on the axes indicate the samples used with
the given resolutions, for example in Fig. 4, res0.1 indicates
that the sample with position resolution improved to 0.1 times
the original value. On the diagonal of each plot, the resolu-
tion of the pseudo-data is the same as that of the integration
MC, but different in the off-diagonal region. The fit results
indicate that, whether for position resolution or for mo-
mentum resolution, a systematic deviation will be introduced
if the resolution of the MC integration samples used for cal-
culating the numerical integral is different from that of the
pseudo-data sample, and the bias increases as the resolution
difference incerases.

1 1
Xij = 10 =10 17

T ijiestat

10
2 : Wi — Winput
k=1

6 Conclusions

In this paper, the reconstruction of hyperons and the paramet-
ers that construct CPV observables of hyperon decay based
on the effects of energy-loss and detector resolutions are dis-
cussed. The results provide several requirements on the track-
ing system designed at STCF. First, the reconstruction meth-
ods of the A and E hyperons are discussed, where the differ-
ent treatments on the helical tracks greatly influence the mass
or angular reconstruction of the hyperons. Thus, it is neces-
sary to reconstruct the decay points of the hyperons with high
precision. An inner vertex detector at STCF will helps im-
prove the resolution of the decay point of hyperons. Second,
the 10 checks of the CPV related parameters are performed
under different detector resolutions. It is found that only when
the MC simulation with correct position/momentum resolu-
tion compared to data, the IO on the parameters is unbiased.
Otherwise, it will introduce a systematic deviation of the
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final results. This requires a careful estimation of the data/MC
difference in tracking reconstruction at future STCF.

Notably, systematic uncertainty is not inclusively dis-
cussed in this paper, as there are more effects that will cause
systematic uncertainties. One example is the magnetic field
non-uniformity, which could cause 10~ uncertainty as has
been discussed in Ref. [29]. Another effect could be the re-
generation or the decoherence effects, in which the hyperons
interact with the material in the detector. A complete system-
atic uncertainty can be real only with the operation of the

0405-6

detector. This study provides the first attempt to study the
possible systematic sources from the detector aspects that will
be used to guide the design of the STCF detector.
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