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Abstract: We report a feasibility study for violation in 7~ — Kgn~v; decays at a Super Tau Charm Facility

(STCF). With an expected luminosity of 1 ab~! collected by STCF per year at a center-of-mass energy of 4.26 GeV,
the statistical sensitivity for CP violation is determined to be of order 9.7 x 10™* by measuring the decay-rate differ-

ence between 5 — Kgntv, and v~ — Kgn~v,. The analysis is performed using a reliable fast simulation software

package, which can describe the detector responses properly and vary the responses flexibly for further optimization.

Moreover, the energy-dependent efficiencies for reconstructing 7~ — Kgn~ v, are presented. The expected CP sens-

itivity is proportional to 1/ V£ in the energy region from 4.0 to 5.0 GeV. The sensitivity of CP violation is of order

3.1x10~* with 10 ab~! integrated luminosity, which is equivalent to ten years' data taking in this energy region at

STCEF.
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I. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa (CKM) matrix can
accommodate CP violation (CPV) in a natural way with a
complex phase in the quark mixing sector [1, 2]. Experi-
mentally, CPV has been observed in the meson sector,
first in the K meson [3-5], subsequently in the B meson
[6-11] and most recently in charm meson decays [12]. All
results to date are consistent with the predictions of the
CKM mechanism in the Standard Model (SM).

However, the origin of CPV has remained an un-
solved problem, as it is not clear whether the CKM mech-
anism is the unique source. The matter-antimatter asym-
metry of the universe [13, 14] indicates that there must be
non-SM CPV sources, and such additional sources are in-
deed incorporated in many extensions of the SM [15, 16].
Currently, CPV has not been observed in the lepton sec-
tor, and any significant observation would be a clear in-

dication of physics beyond the SM. In an intriguing scen-
ario [17], baryogenesis is argued to be mainly driven by
leptogenesis, and then CPV is required in leptodynamics.
Thus, exploration of CPV in the lepton sector provides a
different and complementary landscape, at least. In the
lepton sector, T decay is a good place to seek for CPV
either within or beyond the SM [18-22], since it has
abundant hadronic decay channels with sizable branch-
ing ratios. Furthermore, half of the matrix element is
purely electroweak and the hadrons involved are gener-
ated by quark-antiquark pairs, such that they are factor-
ized, avoiding the complications of pure hadronic decay.
In this paper, we will discuss the specific channel
7~ — Kgn~v, and concentrate on CPV and related New
Physics (NP) searches. This channel is also of great im-
portance for the measurements of form factors and ex-
traction of the |V, element in the CKM matrix. It also
has rich intermediate resonances which provide an im-
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portant playground for non-perturbative QCD studies.
Experimentally, a rich source of 7 leptons comes from
electron-positron colliders, and the physics programs re-
lated to T decays are usually performed at a B-factory or
Z-factory. There are a lot of prospects for the potential of
7 decays at future such factories [23]. However, T decays
are rarely investigated in the tau-charm energy region,
due to the low statistics available and the difficulty in re-
construction. A feasibility study of t decays in the tau-
charm region will be of great importance to complete the
global picture of whole 7 physics. The proposed STCF
[24] in China is designed to have a peak luminosity of
>0.5%10* em™2s7! at 4/s=4 GeV. It is a symmetric
electron-positron beam collider designed to provide e*e™
interactions at c.m. energy +/s from 2.0 to 7.0 GeV. The
7 leptons are selected via the process e*e™ — 777, where
the cross-section of e*e™ — 7~ peaks at 3.5 nb, around
Vs =4.26 GeV [25]. The number of t pairs produced at
STCF is estimated to be 3.5 x 10°, with an expected integ-
rated luminosity of 1 ab=! per year.

This paper is organized as follows. In Sec. II, we
elaborate the physical significance of investigating the
channel v~ — Kgn~v;. In Sec. 111, the detector concept for
STCF is introduced, as well as the Monte Carlo (MC)
samples used for this study. The event selection for the
signal process and detector optimization are presented in
Sec. IV and Sec. V respectively. Section VI discusses the
results and Sec. VII gives our conclusion.

II. PHYSICS PROGRAM OF 7~ — Ksn7v,

Within the SM, there is no direct CPV in hadronic
decays at tree level in weak interactions. However, the
well-measured CPV in K, — n¥l*v (I = e,u) produces a
difference in I'(t* = Ky n*v,) vs. I'(t— — Ky v;) due to
the K°—K° oscillation. The same asymmetry also ap-
pears in T'(t* - Kgn*tv;) vs. I'(t~ — Ksn~v;), and is cal-
culated to be [26, 27]:

I'(tt » Ksn*v,)-T(v~ - Kgn~vy)
I'(tt » Kgntv))+I'(t— - Kgn~v;)
=(0.33+0.01)%.

Acp(t” = Kgmv;) =

(M

Experimentally, the BaBar experiment has found
evidence for CPV in 7 decays [28]:

Acp(t™ = Ks v [>07°]) = (-0.36 £0.23+0.11)%, (2)

and there is a 2.8 standard deviation difference from the
theoretical prediction in Eq. (1). It should be noted that
the K9- K" oscillation leads to the same value of CPV
for inclusion of any n’s in 7 decays from the SM predic-

tion.

Motivated by the above CPV disagreement, various
NP scenarios have been proposed, e.g. introducing a non-
standard tensor interaction [29, 30]. In Ref. [30], a very
large angular-weighted CPV is predicted additionally,
with such a tensor interaction. However, those conclu-
sions are questioned in Ref. [31], where the authors point
out the tensor contributions used in Refs. [29, 30] are
overestimated due to the lack of the well-known Watson
theorem of final-state interactions, resulting in very large
values of the imaginary parts of the Wilson coefficients to
explain the CP anomaly; those large values of Wilson
coefficients contradict the bound from the neutron elec-
tric dipole moment (EDM) and D — D mixing (unless NP
occurs below the electroweak breaking scale). The stand-
point of Ref. [31] is adopted later in Refs. [32, 33], and
especially, Ref. [33] finds that once the combined con-
straints from the branching ratio and decay spectrum are
imposed, it is hard to explain the experimental values of
CPV. But again, Ref. [31] is questioned by the authors of
Ref. [34] — they point out that the tensor operator used in
Ref. [31] corresponds only to a specific way of imposing
gauge invariance, and instead, introducing a new type of
tensor operator could account for the CP anomaly while
evading bounds from the neutron EDM and keeping the
extraction of |V, from exclusive 7 decay unaffected. In
brief, BaBar's CPV observables lead to a series of theor-
etical discussions, and those theoretical discussions are in
a state of confusion. Therefore, a new measurement on
the experimental side is essential to approach any con-
clusive statement on the NP signal. We stress the import-
ance of precision here.

Moreover, as discussed in Ref. [19], probing
Acp(t™ = [Kn]™v,), Acp(t™ = [K2n]7v,) and Acp(r™ —
[K3m]~v;) separately can help to establish the existence of
new dynamics, since the global CPV as expressed in Eq.
(2) is often much reduced, and one needs to understand
the basis of the observed data on v~ — Kgn v;[> 0n°] vs.
T > [Kn] vy, 77 = [K2n] v; and 7 — [K37] v;. In the
SM, the same CPV holds for decays including any num-
ber of 7° mesons, due to the sole source from K° — K° os-
cillation. However, the situation will change in the pres-
ence of NP. For example, the two-Higgs doublet model
has been used to show its influence on the different ob-
servable sets for the channels v — Kn 2%, and
T~ — Kn~v; [35, 36]. Certainly, a more complicated im-
pact of resonances appears in the multibody channels, and
more data is needed in this case. We also note that in
four- and five-body decays, one can also access CPV by
T-odd observables [37-39].

Apart from the above BaBar measurement, the CLEO
[40] and Belle [41] experiments have also focused on the
CPV that could arise from a charged scalar boson ex-
change [42]. This type of CPV can be detected by meas-
uring the 7* decay angular distributions. The CPV is
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found to be compatible with zero with a precision of
O(107%) [41]. However, current experimental sensitivity
cannot make a conclusion on the CPV from t decay, due
to the large uncertainty. Therefore, a higher-precision res-
ult is required to hunt for signals of NP. At Belle 1I, CPV
is studied in the angular distribution of 7~ — Kgz~v; de-
cays, and the precision is expected to be V70 times im-
proved with a 50 ab~! data sample [43].

In order to capture a faint NP signal, or instead, to
constrain a NP model, accurate knowledge of the form
factor is also an essential input [30, 32]. The process
7~ - K v, decay in the SM is described by vector and
scalar form factors. The vector form factor receives
mainly the contribution of K*(892), while K*(1410) is
needed in the higher-energy region tail. For the scalar
form factor, there is no clear dominance of a single reson-
ance. Currently the most sophisticated theoretical descrip-
tion of the form factors is obtained by the model-inde-
pendent dispersive representation, imposing constraints
from chiral symmetry and their asymptotic QCD behavi-
or [44-46]. However, other descriptions are available [36,
47]. In Ref. [36], the form factors are calculated up to
one-loop level using the chiral Lagrangian. The resulting
shape differs from the dispersive one in Ref. [44]. Such a
difference may be attributed to the perturbative vs. non-
perturbative treatment. Reference [47] aims to achieve a
satisfactory description of experimental data in a phe-
nomenological way, and then a superposition of Breit-
Wigner functions is used. As already commented in Ref.
[31], the resulting phase does not vanish at threshold and
also violates the Watson theorem before the inelasticity
sets in. In short, the shapes of the P-wave form factor
agree, while the S-wave shapes can differ dramatically in
different model calculations. However, from a pragmatic
point of view, all these variants of form factor could de-
scribe the data for the total mass spectrum almost equally
well. A partial-wave analysis will certainly help to pin
down this issue, which again needs more high-quality
data. This point has been noted by the Belle collabora-
tion [47]: in future, more data on the invariant mass spec-
trum of K,m combined with angular analysis will elucid-
ate the nature of the scalar form factor and check various
theoretical approaches. At STCF, high statistics of
T~ — Kgn~v, can put strong constraints on the vector and
scalar form factors. Meanwhile, the precision in the de-
termination of the form factor parameters can be im-
proved.

On the other hand, |V, can be extracted from the
measurement of the v~ — Kgn~v, decay. Indeed, the de-
cay rate of 7~ — Kgn~v, can be expressed as [48]:

= GENCE S ew (Vi K™ (0)* Ik (1 + 6pu + Ssu))*s (3)

where N is a normalization coefficient (N = m3/(487%)),

Gr is the Fermi constant, Cg, is the Clebsch-Gordan
coefficient, Ix is the phase space integrals, Sgy is the
electroweak short-distance, 6y is the electromagnetic
long-distance, dsy(2) is the isospin breaking corrections,
and fK'7(0) is the form factor at zero momentum trans-
fer. According to the above equation, the measurement of
|V.s| requires: 1) accurate measurement of I'; ii) precise
calculation of Ix; iii) good knowledge of the radiative
corrections, which are S gw, dgy and sy (2); and iv) a de-
termination of the value of ffﬂ”'(O). In general, with
higher precision for 7~ — Kgn~v, branching fraction
measurements, the error on |V,| will be reduced [49].

In short, the physical importance of measuring
T~ — Kgn~v; is discussed from three aspects: 1) probing
the CPV of this process and testing several NP scenarios;
ii) the resonance parameters (mass and width) can also be
determined, which is itself an important topic of the had-
ron spectrum, assisting us to understand more of the
strong impact of intermediate resonances and their inter-
ference; we also notice that a large strong phase will be
rendered in the resonance region, which together with the
weak phase is a requisite for generating large CPV; and
iii) the |V, element can also be determined, which is
worth doing, at least as another cross check for the ex-
traction from exclusive decay modes. For a review see
Ref. [21]. As has been stressed, to make a conclusive re-
mark the precision in the measurement is an essential in-
gredient. We indeed need to enter the era of high preci-
sion. A detailed analysis of points ii) and iii) will be
presented in a future study. In this paper, we will invest-
igate the reconstruction strategy for v decays at STCF,
and will focus on the sensitivity estimation of CPV by
measuring the decay rate difference between
" > Kgntv, and v — Kgn~v,. Moreover, to make the
best use of the large statistics, it is necessary to have a
compatibly sophisticated detector at STCF to precisely
detect and measure particles, where the process
7~ — Kgn~v; can serve as a benchmark physics process
to offer constraints to the detector design.

III. DETECTOR AND MC SIMULATION

The STCF detector is a general purpose detector de-
signed for an e*e” collider. It includes a tracking system
composed of inner and outer trackers, a particle identific-
ation (PID) system with 30~ charged K/n separation up to
2 GeV/c, an electromagnetic calorimeter (EMC) with ex-
cellent energy resolution and good time resolution, a su-
per-conducting solenoid, and a muon detector (MUD)
that provides good charged n/u separation. The detailed
conceptual design for each sub-detector can be found in
Ref. [50]. Currently, the STCF detector and the corres-
ponding offline software system are in the research and
development (R&D) phase, and it is necessary to have a
reliable simulation tool which can access the physics
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reaches. A fast simulation tool for STCF has been de-
veloped [50], which takes the most common event gener-
ator as input to perform a fast and realistic simulation.
The simulation includes resolution and efficiency re-
sponses for the tracking of final state particles, the PID
system and kinematic fit related variables. The fast simu-
lation also provides a flexible interface for adjusting the
performance of each sub-system, which can be used to
optimize the detector design according to physical re-
quirements.

The process 7~ — K;n v, is studied for 1 ab~! integ-
rated luminosity at /s =4.26 GeV, where the cross-sec-
tion of ete™ — 771~ is the largest. Unless specified, the
charge conjugate decays are always implied throughout
the analysis. The MC events for e*e™ —[*I” (I = e,u) and
ete” — yy are generated with BABAYAGA [51, 52], and
hadronic production processes (e*e™ — ¢g) (¢ = u,d, s,c)
are generated with LUNDARLW [53]. The ete™ — %7~
process is generated with KKMC [54], which imple-
ments TAUOLA to describe 7 decays inclusively. All the
MC samples described above are generated according to
the expected amount of 1 ab~! integrated luminosity and
no CPV is assigned. Passage of the particles through the
detector is simulated by the fast simulation software [50].

The signal process 7~ — Ksn~v, is generated with
vector and scalar configurations of Kgn~, and the para-
meterized spectrum is described by:

2
ar ocl(l - i) (1 + E)P(s)
dv/s s m? m?

X ,  30my —my)|Fs| A
X< P2 (s)|Fy|” + .
($)IFy] 4+ 2 “)

where s is the squared invariant mass of Kgz~, and
me,mg, and m, are the masses of 7,Ky and charged n~
from PDG [55]. P(s) is the momentum of Kg in the
(Ksn~) c.m. frame, given by:

V(s = (mi, +mz)?)(s = (mg, = my)?)

P(s) = 2Vs

)

Fg and Fy are the scalar and vector form factors to
parameterize the amplitudes of K;(800), K*(892) and
K*(1410):

Fs = ag;800) - BWk;800), (6)

_ BWk(392) + ak-(1410) - BWk-(1410)

) (7

%
1 +ag-1410)

where BW denotes the Breit-Wigner function, and
ak;:so0) and a-(1410) are complex coefficients for the frac-

tions of the K;;(800) and K*(1410) resonances as presen-
ted in Ref. [47].

IV. EVENT SELECTION AND ANALYSIS

The signal events are selected with 7= decay to
leptons, t+ — [*v;v, (I = e,u), denoted as the tag side, and
7~ — Kgn~v, with Ky — 7t~ , denoted as the signal side.
At least four charged tracks are required in one event
after passing fast simulation, with only the requirement of
acceptance applied, i.e. |cosf| < 0.93, where 6 is the po-
lar angle with respect to the beam direction. The K can-
didates are selected from pairs of oppositely charged
tracks, which satisfy a vertex-constrained fit to a com-
mon point. The two charged tracks with minimum y? of
vertex fit are assumed to be pions produced from Ks. The
K5 is required to have an invariant mass in the range
0.485 < My <0.512 GeV/c?. Furthermore, considering
the finite decay length of Ks [55], the significance of the
flight length of K candidates is required to be larger than
2 and the flight length of Ks should be larger than 0.5
cm, as shown in Fig. 1. Background processes with the
same final states as the signal process but which contain
no Ks, such as 7~ — n*tn~n"v,, can be significantly sup-
pressed by the above selections.

After Ky selection, a stricter vertex requirement is
performed on other charged tracks than the pions in Kg
decay, and the number of these tracks satisfying the ver-
tex requirement should equal 2. The lepton candidate on
the tag side and the bachelor pion on the signal side will
be further selected. For electron candidates, E/p is re-
quired to be larger than 0.8, where E is the deposited en-
ergy in the EMC and p is the momentum of the charged
track. In fast simulation, there are two efficiency curves

_‘tl_? N T T T T 1 T T T T ]
S 50000 (= —— signal -
& : [ ditau ]
40000 [E=] hadrons -
30000 |-
20000 [
10000 -

9002 04 06 08 10 12 14 16 18 20

K flight length(cm)
Fig. 1. (color online) Flight length of K5 candidates for sig-
nal and background, where the solid line in red is the signal
process, the square-hatched area in blue is hadronic final
states e*e” — gg (hadrons), and the diagonally hatched area in
yellow is other r decay channels in e*e™ — 7777, excluding
the signal process (ditau), respectively. MC samples are nor-
malized to 1 ab~! integrated luminosity and all other selec-
tion criteria have been applied.
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provided for muon identification. One is from the re-
sponses of the reference detector [56], e.g. a mixing re-
quirement with P(u) > 0.001, P(u) > P(K) and P(u) > P(e)
in the PID system, where P(X) is the probability of a can-
didate identified as particle X, 0.1 < E <0.3 GeV in the
EMC, and a layer requirement in the MUD. The -effi-
ciency curve is represented by the black dots in Fig. 2.
The second efficiency curve is the response from prelim-
inary R&D results for the MUD detector, where three
kinds of x/u separation levels are provided, 3%, 1.7%
and 1%, according to different requirements on x/u re-
sponses. The efficiency curve of muon identification of
the STCF MUD is also shown in Fig. 2 by the red dots,
for the 3% n/u mis-identification requirement. After the
selection of lepton candidates, the remaining track is
identified as a pion if it satisfies P(r) > P(K) and
P(mr) > P(p). Finally, a signal event is required to have
one lepton, one pion and one K.

To suppress the background from = — Kgn~ (> 17°%);
processes, n° is reconstructed by selecting two good
photons, and the event is rejected if the invariant mass of
any two photons is located in the region between 0.12 and
0.15 GeV/c?. The good photon candidates are selected
with the efficiency sampled from fast simulation.

After the above selection, the distribution of Kgn~
mass spectrum from generic MC is shown in Fig. 3(a).
There are huge backgrounds from other 7 decay channels
in ete” — t*77, excluding the signal process and the had-
ronic final states containing multiple n final states. The
selection efficiency of the signal and the suppression rate
of backgrounds with the above selection criteria are lis-

)
g 09 st
5 e #
Y +
06 __+—+;++ e VO
05E .
04+
03
02
04 )
q) 0.18 T T T T T T T T T
]
(S 016
= o4 ST
[ONRH i
o 0 o +H
0.08 oo™ *+++ +. +
L 006 oot ]
oot . Hod
O s i e g T
00 P T U T A 1 UL F A A R A
05 06 07 08 09 10 11 12 13 14 15
P,(GeVrc)

Fig. 2.  (color online) Detection efficiency of muon and the
mis-identification rate of n/u for two efficiency curves
provided by fast simulation.

ted in Table 1.
To further suppress the background events, a likeli-
hood ratio y; is used, defined by

Ls (%)

0 L+ L

®)

where Ls and Lp are the likelihood functions for signal
and background events, respectively. ¥ is a set of vari-
ables used for likelihood. Each likelihood function Lg/s
is the product of the probability density function (PDF) of
the input variables, defined by

1000 - - —— inclusive MC
l:l ditau
[E=] hadrons

Events
g

600 [~
400 —

200 —

B
3
T T

@ —e— inclusive MC
: S ( C) (I T—nrmvye—evy
l:l ditau Lﬁ 250 E= wonmvitouvy
[E] hadrons . [ tonrav—an’y

—— inclusive MC

200 [ monKgnlvit—evy
[ other ditau
150 . =1 hadrons

100

50

Fig. 3.

16 18

M Ks+1['(G EV)

12 1.4 16 18

M Ks+1['(G EV)

(color online) Invariant mass spectra of Ksn~ with combined e-tag and u-tag. (a) Distribution without detector optimization or

likelihood requirement y, . (b) Distribution with likelihood requirement but no detector optimization. (c¢) Distribution with likelihood
requirement and detector optimization. MC samples are normalized to 1 ab~! integrated luminosity.

Table 1.

Selection efficiencies for signal and background processes, with neither detector optimization nor likelihood requirement

£raw, With no detector optimization but applying likelihood requirement &, , and with both detector optimization and likelihood require-

ment &y, goptimization- 1N€ €rTOTS are statistical only. For background processes, the statistical uncertainties are too small and can be neg-

lected.
Process Eraw (%) &y, (%) &y, &optimization (%)
ete =TT, T = v — Ksn vy 22.80+0.02 22.22+0.02 32.82+£0.02
e*e” — 777 (excluding signal process) 0.182 0.0403 0.0422
hadronic final states 0.304 0.0211 0.0179
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Nyar.
Ls/p= H Psp i(xx),
k=1

where Pg,py is the signal/background PDF of the &-th in-
put variable x;. For this analysis, the set of variables ¥ in-
cludes the number of neutral clusters, momenta of decay
products of Kg, decay length of Kg, mass spectrum of
Ks, x* of Kg from secondary vertex fit, E/p ratio of the
electron, momentum of y, cosine of the polar angle of y,
and momenta of 7 and Kgz. The likelihood ratio y; (%)
from these variables between signal and backgrounds is
shown in Fig. 4, as well as the figure-of-merit. The classi-
fier requirement on y.(¥) is determined, by optimizing
the figure-of-merit, to be 0.9979. The mass spectrum of
Kgn~ after the above selections is shown in Fig. 3(b), and
it is obvious that after likelihood requirements, the back-
ground level has been significantly suppressed. The se-
lection efficiencies for signal and background processes

with likelihood requirement are also shown in Table 1.
The background events surviving the above selection
criteria come from hadronic final states or e*e” —
7t7~ decay products, where e*e™ — t+7~ is mainly from
the final processes with one additional 7°, or multiple pi-
on final states. At higher c.m. energies, the thrust 7" can

€

— signal
[E7] ditau+hadrons

Events

I i i I I I it i I
02 03 04 05 06 07 08 09

1
00 0.1

Fig. 4.

be used to separate the hadronic final states from the sig-
nal process, defined as

Zil7 Pl
YilBil

T = max

(10)

where P; is the 3-momenta of the final state particles, 7
is a 3-vector with unit norm. Finding 7 in any direction
of space makes the thrust 7’ maximum. The typical distri-
butions of thrust 7 at c.m. energy /s =4.26 and 7.0 GeV
are shown in Fig. 5 for both signal and hadronic pro-
cesses. It is found that the thrust 7 can distinguish clearly
between signal and hadronic background at high c¢.m. en-
ergies such as /s =7.0 GeV. At lower c.m. energies, it is
hard to distinguish the signal from background due to in-
sufficient boost. However, with a good description of the
hadronic final states from LUNDARLW, these back-
grounds can be described well with MC simulation.

V. OPTIMIZATION OF DETECTOR RESPONSE

After the above selection criteria, the signal process is
selected with an efficiency of 22.22%, where the main

N
o
N—

Efficiency (Purity)

——— Signal purity

Signal efficiency

______ ‘Signal efficiency*purity
——— Background efficiency | s:f's.s
3
1 —{600 g
F — 500 5,
08 @
06 ™

@
S
=1

0.4 F

]
=1
=]

0.2 [ "For 1335551 sign:
[ events the maximt

[0S when e

@
—==
8

0992 0994 0996 0998 1
Cut value applied on LikelihoodKDE output

0.99

(color online) (a) Training and test sample distributions. The x-axis denotes y;, and the y-axis, which is set at log scale, de-
notes the entries. The signal is the process ™ — Ksn~v.. The backgrounds are e*e™

— 7*7~ with 7 decays excluding the signal pro-

cesses and the hadronic final states. (b) The figure-of-merit for the likelihood selection. MC samples are normalized to 1 ab™! integ-

rated luminosity.

o 10°
2 F

% —— signal
Lﬁ 7] hadrons

10°

100
10°
102

10

Thrust
Fig. 5.

— signal
=] hadrons

i
1

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Thrust

(color online) Distribution of thrust 7 (log scale in y-axis) at c.m.energy (a) vs=4.26 GeV and (b) vs=7.0 GeV. The solid

red line shows the signal process and the blue shaded area shows hadronic processes. MC samples are normalized to 1 ab™! integrated
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loss of efficiency comes from the effects of track selec-
tion, reconstruction of Ky, and particle identification of
leptons. These effects correspond to the sub-detectors of
the inner tracker, the PID system, and the MUD. By
studying the signal-to-background ratios in the selection
of the signal process with varying sub-detector responses,
the requirements of detector design can be optimized ac-
cordingly. With the interfaces provided by fast simula-
tion software, four kinds of detector response can be stud-
ied.

a.Tracking efficiency The tracking efficiency in fast
simulation is characterized by two dimensions: trans-
verse momentum Py and polar angle cos, which are cor-
related with the level of track bending and the hit posi-
tions of tracks in the tracker system. For low-momentum
tracks (Pr < 0.2 GeV/c), it is difficult to reconstruct effi-
ciently due to stronger electromagnetic multiple scatter-
ing, electric field leakage, energy loss, etc. However, with
different techniques of inner tracker design at STCF, or
with advanced track-finding algorithms, the reconstruc-
tion efficiency of low-momentum tracks can be im-
proved.

In this analysis, the efficiency is scaled in the fast
simulation, with a ratio from 1 to 1.4 for low-momentum
tracks, which indicates increasing the tracking efficiency
by a factor of 10% to 40%. For high-momentum tracks or
tracks with efficiency approximately 100%, the tracking
efficiency remains the same. The figure-of-merit for each
scale factor of low-momentum tracking efficiency is

shown in Fig. 6, defined by , where S denotes the

S
VS+B
signal yields of v~ — Kgn~v,, and B denotes the back-
grounds, both normalized to 1 ab~! integrated luminosity.
From Fig. 6, it is found that the efficiency can be signific-
antly improved with an optimization factor of 1.1 to 1.2.

In fast simulation, the default tracking efficiency is
sampled from the performance of the helium-gas-based
cylindrical main drift chamber [50]. There are several al-
ternative options for the tracker technique, especially for
the inner tracker, such as a silicon pixel detector [57] or

s/\s+b

Bl R LAY R A R AR RAA] RAM B
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192
190
188
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184
182
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Ml PP I PR ST PR FETE FEEEE ST
1.00 1.05 110 115 120 125 130 1.35 1.40

Charged track efficiency scale

Fig. 6. The figure-of-merit for optimization of the tracking
efficiency for low-momentum tracks.

micro-pattern gaseous detector [58]. From the current
R&D activities, the tracking efficiency for low-mo-
mentum tracks is expected to fulfill the request from our
analysis of these techniques at STCF.

b. Momentum/spatial resolution The momentum and
spatial resolution can also be optimized in fast simulation
with proper scaling factors. A better resolution will im-
prove the significance of signal with the improvement of
resolution in the Kgn~ mass spectrum. The effects of mo-
mentum and position resolutions on Ky reconstruction ef-
ficiency are also studied, and it is found that the spatial
resolution is more sensitive than the momentum resolu-
tion for K reconstruction. From the reconstruction meth-
od for a charged track, these two resolutions are related to
the same sources, which are the position resolution of a
single wire in the xy plane and z direction, and multiple
scattering. Micro-pattern gaseous detectors can achieve
excellent position accuracy [58]. Besides, a MC study on
the silicon pixel detector shows that the momentum resol-
ution and tracking efficiency can be significantly im-
proved due to its good spatial resolution [59].

c. w/u separation As discussed before, there are two
efficiency curves provided for u identification. The de-
fault muon identification in the fast simulation has a large
n/p mis-identification rate, as shown by the black points
in Fig. 2. As the fast simulation provides a function for
optimizing the n/u mis-identification, we can vary the
mis-identification rate for x/u based on the provided effi-
ciency curves. The signal-to-background ratio can be sig-
nificantly improved with a better n/u mid-identification
rate. The n/u separation power can also be significantly
improved with a hybrid design for MUD [50], and the ef-
ficiency curves are shown by the red points in Fig. 2 for
the requirement of 7/ mis-identification to be 3%. Three
mis-identification rates are provided for the MUD, with
different efficiencies for u. Table 2 summarizes the selec-
tion efficiency for these three efficiency responses. The
detector efficiency for the signal process is highest for the
m/u mis-identification at 3%, because a moderate selec-
tion on the performance of the MUD is applied with this
requirement. Moreover, at STCF, the Ring Imaging
CHerenkov detector (RICH) can be used to identify
muons from pions at low momentum.

d. Position/energy resolution for photons. In this ana-
lysis, processes including n° are suppressed by vetoing

Table 2. Efficiency of selecting ¢ and final selection effi-
ciency using a hybrid design for MUD at STCF with different
n/u fake rate (FR) requirements.

FR(%) Eff. 11(%) Eff. bkg(%) Final eff.(%)
3 76.80+0.02 0.385 32.82+0.02
1.7 66.79+0.02 0.375 31.40+0.02

1 58.63+0.03 0.370 30.20+0.02
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events with a reconstructed 7°. The position and energy
resolutions for neutral tracks are optimized with the fast
simulation. It is found that the current resolutions
provided in the fast simulation, 6 mm for position resolu-
tion and 2.5% for energy resolution of a 1 GeV photon,
can satisfy the physical requirements for this analysis.
From the above study, a set of optimization factors
for sub-detector responses for this analysis is provided:
an improvement of tracking efficiency by a factor of
10% ~ 20% for low-momentum tracks; a good mo-
mentum/spatial resolution for charged tracks; a good
muon identification with the mis-identification rate of
n/u to be less than 3%; and a good position/energy resol-
ution for photons. With these optimization factors ap-
plied, the selection efficiency for signal process is im-
proved from 22.22% to 32.82%. The invariant mass of
Kgn~ after optimization is shown in Fig. 3(c). The back-
ground level is significantly suppressed, where the dom-
inant 7 pair decay background events are 7~ — ntx v,
and 7~ — Kgn~n%,. The optimized selection efficiency
and the background levels are summarized in Table 1.
The detailed selection efficiencies for each step are listed in
Table 3, where the improvement of the selection effi-
ciency compared to the MC without optimization is given.

Table 3.
process, where ¢ is the overall efficiency, e, is the relative

Cut flow for each selection criterion for the signal

efficiency for each criterion, and Ae, is the relative improve-
ment of optimized detector response compared to the original.

VI. STATISTICAL ANALYSIS

With the above selection criteria and optimization
procedure, the numbers of signal events from 7~ and 7*
decays with generic MC normalized to 1 ab~! integrated
luminosity are obtained by fitting the Kgx invariant mass
with the RooFit tool, where the signal can be parameter-
ized by the function shown in Eq. (4) and the back-
ground is described with simulated background. The effi-
ciency-corrected numbers for 1 — Kgnv, and
7" — Kgn*y, are 3681017 +5034 and 3681127 +5091, re-
spectively. This shows a good consistency with the input
values. The statistical sensitivity of CPV with decay rate
can be calculated, using Eq. (1), to be 9.7x107*. Since
the cross-section of e*e™ — 777~ is around 3.5 nb in the
energy region from +/s =4.0 to 5.0 GeV, we studied the
selection efficiency for the signal process in this energy
region, as shown in Fig. 7. The efficiencies in this energy
region vary from 32.82% to 32.03%, with a relative dif-
ference of less than 3%. Therefore, the statistics of the
signal process increase linearly with more data collected.
As the event selection is not background-free, the sensit-
ivity of CPV is proportional to 1/ VL, as shown in Fig.
7(b), where different sizes of MC samples, from 0.1 ab™!
to 1.0 ab~! are applied for the study. Finally, we can con-
clude that, with 10 ab~! integrated luminosity collected at
STCF from +/s =4.0 to 5.0 GeV, the sensitivity of CPV
for the process 7~ — Kgn~v; is 3.1 x 1074,

Though this analysis is performed purely with MC
simulation, we need to discuss possible systematic uncer-

Selection £ (%) &rela (%0) Aerera (%) tainties which may bias the decay-rate asymmetry meas-
Noharged track 69.75£0.02 69.75 7.52 urement between 77 — Kgn7v, and 7" — Kgn*v.. The
select K 543440.03 7790 13.10 sources of uncertainty are estimated as follows. 1) The de-
lenton ID 7894003 731 .13 tection asymmetry for charged particles, which can be
n . . .
e =D : studied from a control sample of v~ — n*n~ 77 v,. The dif-
1D 36.64£0.03 96.70 2.66 ference from the detector can be corrected by comparing
veto ° 36.64+0.03 99.99 - the asymmetry between MC simulation and data, and the
Ks flight length 33454 0.02 91.38 027 remaining uncertainty is related to the statistical uncer-
likelihood mefhod 12.8240.02 98,10 0.52 tainty of the control sample. Since the branching fraction
T ’ of the control sample is over one order of magnitude lar-
ol f th trol pl der of magnitude 1

ota 32.82£0.02 _ _ ger than the signal process, the uncertainty will be signi-
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Fig. 7. (a) Selection efficiencies for the signal process at different c.m. energies from +/s =4.0 GeV to 5.0 GeV. (b) CPV sensitivity

of 7~ — Kgn~ v, for varying integrated luminosity L, following 1/ VL extrapolation.
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ficantly smaller than the statistical uncertainty of
T~ — Kgn~v,. ii) Uncertainty related to the selection cri-
teria, which can be studied by varying the selection criter-
ia. By performing the Barlow test [60], any bias from se-
lection will be studied and corrected until the systematic
accuracy matches the statistical precision. iii) Uncer-
tainty from the MC generator. In this analysis, no CPV is
modeled and the output asymmetry in MC is about
3x1073, which can be neglected. iv) Uncertainty from
background contamination. In this analysis, there is no
decay-rate asymmetry observed in the background, and
the uncertainty can be tested by applying different criter-
ia to the background between data and MC simulation. v)
The different nuclear-interaction cross sections of the K°
and K° meson. In Ref. [28], a correction to the asym-
metry accounting from K° and K° mesons with material
in the detector was applied by taking the K* nucleon
cross-sections as an analogy under the assumption of
isospin invariance [61]. We take an uncertainty of 0.01%
for this uncertainty, similar to that from Ref. [28], ignor-
ing the material difference at STCF. As a consequence of
the above discussion, the systematic uncertainty for a de-
cay-rate asymmetry study of v~ — Kgn~ v, will be at the
same level as its statistical uncertainty.

As introduced before, the sensitivity of CPV in the
processes of v~ — Kgn~v, at the Belle II experiment is
expected to be 1/V70 of the current precision of the
Belle experiment with a 50 ab~! data sample collected
[43], which is better than the sensitivity obtained at STCF
with one year of data taking, but comparable with that at
STCF with ten years of data taking. The study of
T~ — Kgn~v, at a B-factory benefits from a larger lumin-
osity, and a good separation of the two hemispheres from
7+ and 7~ decay. However, at STCF, the cross section of
e*e” — 77 is the largest and the selection efficiency for
the signal process is better with high detection/PID effi-

ciency for low-momentum tracks. When the c.m. energy
goes up, e.g. at s =7 GeV, the two hemispheres from
7+ and 7~ decays can also be separated well, as shown in
Fig. 5. Therefore, it is of great potential to study the CPV
and relevant physics program of the process 7~ — Kgn™ v,
at STCF.

VII. SUMMARY AND PROSPECTS

In this paper, the sensitivity of the decay-rate asym-
metry in 77 — Kgn~v, decays is studied at +/s=4.26
GeV with 1 ab™! inclusive MC. Benefitting from the
largest cross-section of 3.5 nb for efe” - t*r™ at
\s=4.26 GeV, and the optimized efficiency with the
fast simulation, the statistical sensitivity of CPV is
9.7x 107, which is 2.3 times better than that of BaBar
[28]. With 10 ab~! luminosity collected at STCF, the
sensitivity is expected to be at a level of 3.1 x 107, which
is comparable to the uncertainty of theoretical prediction
in the SM. A new round of measurements of Acp defined
by the decay rate difference is important and desirable,
c.f. Eq. (2), and will certainly shed light on the existence
of the NP signal. Several theoretical models discussed in
Sec. II will be reexamined. CPV in the exchange of
charged Higgs bosons has also been explored in experi-
ments, and is defined by the difference between angular
observables, as a helpful complement. With this preci-
sion of 107*, re-measurement of this channel will be pur-
sued. Meanwhile, the other prospects mentioned (form
factors, |V,;| extraction etc.) could be examined.
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