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Abstract A sensitivity study for the search for the charged
lepton flavor violating process t — yu at the Super t-
Charm Facility is performed with a fast simulation. With the
expected performance of the current detector design and an
integrated luminosity of 1ab~! corresponding to one-year
of data taking, the sensitivity on the branching fraction (BF)
of T — yu is estimated to be at the level of 10~8. The
sensitivity under different detector performances are also
studied. With ideal performance, the BF could be probed
to be 2.8 x 107% at 90% confidence level. The sensitivity
is expected to scale with the square root of the luminosity,
therefore with a total luminosity of 10 ab~! corresponding to
ten-year of data taking, the sensitivity could reach 8.8 x 1072,
which is about one order of magnitude improvement upon the
current best upper limit.

1 Introduction

In the Standard Model (SM), the charged lepton flavor vio-
lating (cLFV) processes can occur through neutrino oscil-
lation, but are highly suppressed due to the small mass of
neutrino [1]. For example, the branching fraction (BF) of
{1 — £y in the SM is
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BE(l; — £ry) = %
1 2Y) = 307

where U is the PMNS matrix [2], i runs over the three neu-
trinos, m; and my are the masses of neutrinos and W boson.
The BF in the SM is well beyond the sensitivity of current
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experiments, thus the observation of cLFV processes would
be an unambiguous signature of new physics. On the other
hand, the lepton flavor conservation, differing from other
conservation laws in the SM, is not associated with an under-
lying conserved current, therefore many theoretical models
beyond the SM naturally introduce cLFV processes, such
as the Minimal Supersymmetric SM [3], the Grand Unified
Theories [4,5], and seesaw mechanisms [6]. Some of them
predict BFs that are close to the current experimental sensi-
tivity.

As the heaviest lepton, tau has many possible cLFV decay
modes, amongst them T — y i is regarded as one of the best
probes, and is predicted in a wide variety of models with
rates enhanced to observable level. For example, the BF is
predicted to be up to 1077 in seesaw models [7], 10710 in
Higgs-mediated SUSY models [8,9], 10~8in SO(10) SUSY
models [10,11], and 102 in non-universal Z’ models [12].
Experimentally, the most stringent upper limit (UL) on the
BF of this channel is given by BABAR to be 4.4 x 1078
at 90% confidence level (C.L.) [13] and Belle to be 4.2 x
1078 at 90% C.L. [14]. Next generation of experiments are
aiming at pushing the sensitivity down for another one order
of magnitude or even further [15].

The proposed Super t-Charm Facility (STCF) [16] in
China, which is an electron-positron collider with a center-
of-mass energy in the region of the r-charm threshold, is
one of such next generation of experiments. In this paper, the
sensitivity of searching for t — yu at STCF is studied to
explore the physics potential of STCF and guide the design
of the experiment. STCF has several advantages on search-
ing for t — yu. As an electron-positron collider, the total
four-momentum is known and the final state is fully recon-
structed, leading to higher efficiency and lower background.
The energy of STCF can be adjusted to be just above the
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threshold of tau pair production e™e™ — 777, where the
cross-section reaches the maximum [17], and the energy of
radiative photons which is one of the main sources of fake
signal photons in background is low thus can be well sepa-
rated from signal.

2 Detector design and Monte Carlo simulation

The proposed STCF is a symmetric electron-positron col-
lider operating at center-of-mass energy +/s from 2.0 GeV
to 7.0 GeV with a designed peaking luminosity over 0.5 x
103 cm™2 s~ ! [16]. Such an environment will serve as an
important high statistics and low background platform to
test the SM and probe possible new physics beyond the
SM, such as cLFV decays of tau. Assuming that it runs
at »/s = 4.26 GeV, STCF will accumulate 3.5 x 10° tau
pairs [18,19] per year for the corresponding expected inte-
grated luminosity of 1ab~".

As a general purpose detector designed for the electron-
positron collider, the STCF detector consists a tracking sys-
tem composed of the inner and outer trackers, a particle iden-
tification (PID) system with charged kaon/pion misidenti-
fication rate less than 2% up to 2GeV/c, an electromag-
netic calorimeter (EMC) with an excellent energy resolution
and a good time resolution, a super-conducting solenoid,
and a muon detector (MUD) that provides good charged
pion/muon separation. The design and the expected perfor-
mances for each sub-detector are detailed in the conceptual
design report [16].

At present, the STCF detector and the corresponding
offline software system are under research and development.
A fast simulation software package is therefore developed
to access the physics study [20], which takes the most com-
mon event generators as input to perform a fast and realistic
simulation. The simulation includes resolution and efficiency
responses for tracking of final state charged particles and pho-
tons, PID system and kinematic fit related variables. Instead
of performing the detailed simulation of interaction of the
final objects with detector by GEANT4 [21], the responses of
objects in each sub-system, including efficiency, resolution
and other variables used in physics analyses, are modeled by
sampling the shape and magnitude according to their perfor-
mances. By default, all the parameters are based on empir-
ical formulae or extracted from simulation of the BESIII
detector [22,23], while the fast simulation also provides flex-
ible interface for adjusting performance of each sub-system,
which can be used to optimize the detector design according
to the physics requirements.

This sensitivity study is performed based on Monte Carlo
(MC) samples at 4.26 GeV, including samples for signal
and expected possible background processes. Using the tag
method with selected modes as detailed in Sect. 3, the major
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expected background processes are those that are discussed
in the rest of this section. One of them is the dimu pro-
cess eTe” — (y)utu~ where the two muons and radi-
ated photons can be misidentified as the tag pion and the
signal muon and photon. Another background is the ditau
process e Tt~ where one tau decay is necessar-
ily the same as tag side of signal event and the other tau
decay can be misidentified as T — y . The hadronic pro-
cessete™ — qg(q = u,d, s, c¢) could also contribute to the
background due to its high cross-section at this energy region.
Samples for these processes are simulated with high luminos-
ity, corresponding to 1 ab=!,6ab~!, and 1 ab~!, respectively.
The dimu samples are generated with BABAYAGA [24,25].
For the ditau samples, the production of tau pair is generated
with KKMC [18,19] and the decay of tau with TAUOLA [26].
Hadronic process is generated with LUNDARLW [27]. Other
processes at this energy region are expected to be negligible.
The background level of Bhabha process ete™ — ete™ and
digamma process eTe~ — yy are much lower than dimu
process due to the low probability of electron misidentified
as muon or the lack of charged tracks. For the two-photon
process ete™ — ete™ X where X is any system generated
from the virtual photons radiated by the initial electron and
positron, the electron and position tend to have small scat-
tering angles, thus escape from the detector along the beam
energy and cause large energy loss, and the remaining X can
hardly pass the event selection. Dedicated MC samples for
these processes are also generated, and it is demonstrated that
they can be removed at early stage of event selection. The
signal MC samples are simulated as process ete™ — 77~
with one tau goes to SM decay modes and the other decays
to y uu. The decay T — y u is generated with the pure phase
space model since the dynamics is unknown.

e — T

3 Analysis procedure

At STCF, t+ and 7~ are produced in pairs, so we can tag 7
(denoted as tag side) by its SM decay modes and search for
cLFV decay of its partner 7~ (denoted as signal side). The
charge-conjugated channels are always implied throughout
the paper. For the tag side, amongst the five main 1-prong
decay modes of t*, eTv,v;, 7T ¥, and T 700, are selected
as tag modes, which account for 54% of the total BF of tau
decays [28]. 7 — ,u‘h)uf), mode is not used due to high
ete™ — (y)ut ™ background. As for t+ — 7770,
mode, due to the high photon multiplicity, the reconstruction
efficiency is low and combinatorial background is high, and
the tag photons can be easily misidentified as signal photon.
The signal side consists of a signal photon and a signal muon
and is featured by a peak around the beam energy on the
total energy distribution and a peak around the tau mass on
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Fig. 1 The box plot is the two-dimensional distribution of E(y 1) and
M (y ) of signal samples where larger box indicates higher density,
and the red line shows the signal region

the invariant mass distribution of signal photon and muon, as
shown in Fig. 1.

Charged tracks are selected after passing the criteria in
fast simulation. For each charged track, the polar angle with
respect to beam direction is required to satisfy [cos 6| < 0.93,
and the closest approach to the interaction point must be
within 10 cm in the beam direction and 1 cm in the plane
perpendicular to the beam. Events with two charged tracks
and zero net-charge are selected. PID is also performed for
charged tracks by the fast simulation, where the identification
of electron, pion and kaon is based on extracted likelihood
of each particle type hypothesis calculated from the informa-
tion of PID system and the one with the highest likelihood
is assigned, while muon is identified by MUD based on pre-
liminary research and development results. One of the tracks
is required to be identified as electron or pion, which is tag
charged particle, and the other is required to be identified as
muon, which is signal muon. E/p information is then used
for further identification, where E is the deposited energy
in EMC and p is the momentum of the track. E/p > 0.8
is required for electron and E/p < 0.5 for muon and pion.
Photons are selected with an energy threshold of 25 MeV
in EMC barrel region (Jcos 6| < 0.8) and 50 MeV in EMC
end cap region (0.86 < |cosf| < 0.92) to reject electronic
noise and unrelated energy depositions. Neutral pions are
reconstructed with two-photon combinations with invariant
masses within a 7% mass window of around 0.12 GeV /c? to
0.14 GeV/c? determined by fitting. The exact mass window
depends on the detector performance design described later
in Sect. 4. It is required that there is exactly one remaining
photon after neutral pions reconstruction and it is denoted
as the signal photon. To further suppress background, the
momentum of the signal muon and energy of the signal pho-
ton are both required to be in [0.4, 1.7]GeV, and the angle
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Fig. 2 The kinematic distributions of a momentum of signal muon, b
energy of signal photon, and ¢ cosine of angle between signal photon
and muon. The open histogram is signal, and the hatched histograms
are background drawn in stacks. The arrows mark the event selection
criteria. The lower end cutoff on momentum of muon is caused by MUD
acceptance

between them is required to satisfy cos 6, < —0.35, all of
which are constrained by the kinematics (shown in Fig. 2).
Finally, a two-dimensional signal region is chosen on the
total energy E (y ) and invariant mass M (y ) distributions
of signal photon and signal muon. Since the two distribu-
tions are asymmetric and correlated, the signal region is an
asymmetric oblique ellipse, as shown in Fig. 1.

The tag mode for each event is then assigned based on
the event selection result. The event is classified into e v, v,
mode if one electron is identified, and it is required that there
are no neutral pions reconstructed. If one charged pion is
identified, the event s further classified into 7 T 9, or 7t %,
mode based on whether the number of neutral pions is 0 or
1. Events that do not fit into the classifications are discarded.

After above initial selections, there are mainly five kinds
of background classified according to the tag modes and
background processes. For eTv, U, tag mode, the main back-
ground is ditau process where tag tau radiative decays to
electron, signal tau SM decays to muon, and signal photon is
misidentified from radiative photon of tag side. For 7+ v, tag
mode, the main background is dimu and ditau processes. In
the dimu process, one muon is misidentified as tag pion, the
other muon is regarded as signal muon, and signal photon is
misidentified from radiative photon. For backgrounds from
the ditau process, signal tau SM decays to muon, tag tau
decays to 77”0 with 79 not successfully reconstructed and
the daughter photons are regarded as signal photon or not
detected. For the 7'[*71017r tag mode, one of the main back-
ground is the ditau process with tag tau decaying to 7 7°
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or 7t%7% which is similar to the ditau background process

in 71V, tag mode. The other is hadronic process, mainly
nta~™ 4+ (= 1)n°, where the signal muon is misidentified
from charged pion and the signal photon is from 7%(s) that
are not successfully reconstructed.

Further event selection criteria are determined based on
the background characteristics. For the ditau background in
the e*v, v, tag mode, the signal photon is from radiative lep-
tonic decay of tag tau, thus collinear with the tag charged
track, as shown in Fig. 3a. Moreover, the momentum of tag
charged track is lowered due to the existence of radiative
photon (Fig. 3b). Since neutrinos in the final states are not
detected, there will be missing four-momentum defined as the
total initial four-momentum subtracted by the four-momenta
of all detected final state particles. There are more neutrinos
in background than in signal, so the missing energy Epigs
in background is higher (Fig. 3c), where Ep;ss is defined
as energy component of missing four-momentum. For the
radiative dimu background in 7 TV, tag mode, E ;s is lower
since there are no neutrinos (Fig. 4a), and the direction of
missing momentum accumulates along the beam direction
since missing momentum is mainly due to radiative photons
which are collinear with beam and can escape in the beam
direction which is beyond detector coverage (Fig. 4b). Fur-
thermore, the energy of the signal photon is lower since it
is from radiation (Fig. 4c). For ditau background in 7 ™,
tag mode, in contrast to the signal which has only one neu-
trino, there are more neutrinos in background, so the missing
mass squared Mfﬁss is around zero for signal while not for
background (Fig. 4d). The lems is defined as the square
of invariant mass of the missing four-momentum. For ditau
background in 7 7%V, tag mode, the Miiss distribution has
similar characteristic with 77 79, tag mode (Fig. 5a). The dis-
tribution of helicity angle of signal muon is also different in
signal and background due to different decay dynamics of
signal tau (Fig. 5b), where the helicity angle is defined as the
angle between the direction of signal muon in the signal tau
rest frame and the direction of signal tau in center-of-mass
frame. For the hadronic background in 7 *7 b, tag mode,
which is mainly 777~ + (> 1)7°, the missing momentum
is due to photons escaping along the beam direction (Fig. 5¢).

To determine the concrete selection criteria, Punzi sig-
nificance /(1.5 + /Npkg) [29] is used as the figure of
merit, where ¢ is signal efficiency and Nykg is the number
of background events. A multidimensional optimization is
performed for all the criteria simultaneously. The optimiza-
tion result depends on the detector performance design, and
the result with the best performance is shown here. Table 1
summarizes the further selection criteria and background lev-
els and signal efficiencies before and after further selection.
The final background level is suppressed to be only a few
with signal efficiency of several percents.
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miss

A Bayesian-based maximum likelihood estimator, extended
from the profile likelihood approach [30], is used to deter-
mine the UL on BF of T — y u with statistical fluctuations
taking into account. The likelihood is constructed as
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Table 1 The result of further

event selection. The first column Tag mode Selection criteria Nykg (€) before Nykg (€) after
is the taf?y modes, the. secopd . et v, €08 sig . 1ag charged < —0.2 1.5 % 102 (2.6%) 0(1.1%)
column is the selection criteria, ~ -
the third and fourth columns are Puag_charged > 0.5GeV/c
the number of background Npkg Eniss < 1.7GeV
and signal efficiency e before s Emiss > 0.7 GeV 1.4 x 10* (4.0%) 0.3 (0.5%)
and after further selection
|cos Omiss| < 0.6
Egg , > 0.8GeV
M2, < 0.050GeV?/c*
mta0%, M2, < 0.075GeV?/c* 1.2 x 10% (2.6%) 1.2 (1.5%)
cos esig_mu_in_tau,tau_in_cm < 0.8
|cos Omiss| < 0.9
Total 1.6 x 10* (9.2%) 1.5 (3.1%)
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Fig. 5 The comparison of signal (red solid histogram) and background
(green dashed histogram) samples in 71797, tag mode. a the missing

mass squared Miiss and b the cosine of the helicity angle of signal

muon coS Osig_mu_in_tau,tau_in_cm 1N ditau background, and ¢ direction of
missing momentum |cos fpiss| in hadronic background

L = Poisson(Nops, 2N, +,- X B x € + Z Nokg,i)

1

X l_[ Poisson(N&Egs’i, Nokg,i/fi)s (2)
i

where Ngps is the observed number of events, N+, is the
number of tau pairs, % is BF of t — y u and is the parameter
of interest, € is signal efficiency, Npkg ; with i runs over all the
background samples are the true values of background levels
which are nuisance parameters, Ng’]l(’; ; and f; are the observed
number of events and scale factors for each background sam-
ples. The likelihood is then taken as probability distribution
of parameters, and the posterior distribution of BF is obtained
by integrating over nuisance parameters. Finally, the UL on

BF is determined by integrating the posterior distribution, as
shown in Fig. 6. The sensitivity of BF is defined as the UL
that can be achieved assuming there are no signals. Pseudo-
experiments are generated assuming background-only, and
the median, the 10 and =20 quantiles on the distribution
of UL are taken as the expectation and confidence interval
of the sensitivity [31]. With a total luminosity of 1 ab™!, the
sensitivity is estimated to be at the level of 1073,

A full systematic uncertainty evaluation which requires
both experimental data and full MC simulation is not possi-
ble at this stage, so it will be qualitatively discussed. Refer-
ring to Eq. 2, the possible sources of systematic uncertainties
include the number of tau pairs, the event selection efficiency,
and the estimation of background. The uncertainty of number
of tau pairs comes from the determination of luminosity and
cross-section of ete™ +7~. For efficiency, the statisti-
cal uncertainty can be negligible with large MC samples; the
uncertainty of tracking and PID of tracks and reconstruction
of neutral pions, which is evaluated with difference between
data and MC, can be studied with pure and high statistical

— T
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control samples; uncertainties related with other selection
criteria can be evaluated by control samples or varying the
criteria and performing the Barlow test [32]; for the model-
ingof T — y u decay, although the LFV interaction structure
in unknown, the uncertainty can be estimated by assuming
extreme cases such as pure V — A and V + A forms. The
uncertainty of background estimation can be evaluated using
control samples of data, such as from sidebands, and veri-
fying that the estimated background is consistent with that
in real data. The total systematic uncertainties at STCF are
expected to be at the level of several percent or less, which
only have a minor impact on the sensitivity.

4 Optimization of detector performance

The performance of STCF detector is tunable in the fast sim-
ulation, and the sensitivity of t — y u under different per-
formances are studied to guide the design of the detector.
The detector performance properties that are crucial to this
analysis are determined based on the main background chan-
nels where photons and muons are misidentified as signals.
One of the main origins of the signal muon is misidentifica-
tion of pion, while the signal photon is misidentified from a
photon with other origins. So, both pion/muon separation
capability and photon detection resolution are relevant to
this analysis. Better pion/muon separation capability can effi-
ciently suppress background caused by pion/muon misiden-
tification, and better photon detection resolution will improve
the resolution of signal region thus exclude more background.
With fast simulation, three kinds of detector responses can be
studied: pion/muon separation, photon energy resolution and
photon position resolution. Considering the feasibility of par-
ticular detector designs, a set of different values is assumed
for each of the performance properties, from conservative to
aggressive. The best detector performance is taken as bench-
mark, and the dependence of the sensitivity upon each per-
formance property is checked by fixing the other properties
and only varying the one under study. The benchmark result
is sensitivity of 2.8 x 1078 with 1 ab~! luminosity under the
detector performance of 1% in pion/muon misidentification
rate and 3 mm and 2% in photon position and energy resolu-
tions. For each performance setting, the analysis is performed
individually to reach the best sensitivity.
pion/muon separation On the one hand, better pion/muon
separation can suppress the background caused by pion
misidentified as signal muon. On the other hand, better sepa-
ration means tighter muon selection, which will cause lower
signal efficiency. Three levels of pion/muon separation capa-
bility is assumed with overall pion to muon misidentifica-
tion rates of 3%, 1.7% and 1%, which corresponding to the
muon identification efficiencies of 97%, 92% and 85% at
a momentum of 1 GeV/c, respectively. Table 2 summarizes

@ Springer

Table 2 Result of optimization for pion/muon separation. The first col-
umn shows the levels of pion/muon separation capability of the detector.
The second and third columns show the muon identification efficiency
and sensitivity on BF under different detector performance, separately

Pion/muon mis-id rate Muon PID eff. Sensitivity/10~8
3% 80.6% 33
1.7% 65.4% 3.0
1% 50.3% 2.8
16 .
o N ]
o ; ]
- W4 Expected ]
= u o ]
2 12 %2 -
2 C ]
= r ]
5 10| .
q:, C ]
o 8 ]
61 =
21 =
0 C | ]

3% 1.7% 1%
n/u mis-id rate

Fig. 7 Result for optimization of pion/muon separation capability. The
dashed line is the expected sensitivity, the green and yellow bands are
the 1o and 20 confidence intervals

the efficiency of muon identification in signal sample and the
sensitivity of T — y u with respect to pion/muon misiden-
tification rate. The sensitivity together with its confidence
intervals are also shown in Fig. 7. The result shows that
the sensitivity improves with better pion/muon separation,
but the improvement is small. This indicates that a trade-off
between the muon efficiency and the pion/muon separation
capability should be carefully considered.

position resolution for photon Better photon position resolu-
tion will result in better signal region resolution, thus improve
efficiency and suppress background. Besides, better photon
resolution will result in higher tag accuracy and better sep-
aration of noise from real photons. The baseline for photon
position resolution is 6 mm and an improvement of 30% and
50% is assumed for optimization. The signal resolution under
different photon position resolutions is shown in Fig. 8, and
the sensitivity is summarized in Table 3 and Fig. 9. It is shown
that better photon position resolution will result in better sen-
sitivity, but the influence is rather small, which is because the
baseline resolution is already quite good.

energy resolution for photon Similar to photon position res-
olution, better photon energy resolution will also result in
better sensitivity. The baseline for photon energy resolution
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Table 3 Result of optimization for photon position resolution. The first
column shows the levels of photon position resolution performance of
the detector. The second and third columns show the signal efficiency
and sensitivity on BF under different detector performance
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Fig. 10 Signal resolution under different photon energy resolution per-
formance. The left and right figure shows the invariant mass and total
energy of signal photon and muon, separately. The black solid line, the
red dashed line and the blue dash-dotted line shows the result under
baseline, 10% and 20% improved photon energy resolution, separately

Table 4 Result of optimization for photon energy resolution. The first
column shows the levels of photon energy resolution performance of
the detector. The second and third columns show the signal efficiency
and sensitivity on BF under different detector performance

Resolution € Sensitivity/10~% Resolution € Sensitivity/10~8

Baseline 3.0% 34 Baseline 2.9% 6.9
30% improved 3.1% 34 10% improved 3.0% 5.1
50% improved 3.1% 2.8 20% improved 3.1% 2.8
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Fig. 9 Result for optimization of photon position resolution

is 2.5% at 1 GeV and an improvement of 10% and 20% is
assumed for optimization. The signal resolution under dif-
ferent photon energy resolutions is shown in Fig. 10, and the
sensitivity is summarized in Table 4 and Fig. 11. It is shown
that better photon energy resolution will result in better sen-
sitivity.

5 Summary and discussion
The sensitivity on the cLFV process T — yu at the Super

7-Charm Facility is studied based on 1ab~! MC samples,
which corresponds to the one-year integrated luminosity of

baseline (2.5%) 10% improved 20% improved

photon energy resolution

Fig. 11 Result for optimization of photon energy resolution

STCE. The sensitivity is expected to be at the level of 1075,
The optimization of detector performance is also studied in
order to get the best sensitivity, and the result shows that
the improvement of each of the three performance prop-
erties concerned in this analysis, namely pion/muon sepa-
ration capability, position and energy resolution of photon,
can all result in better sensitivity, though the importance of
them is different. With ideal detector performance of 1%
in pion/muon misidentification rate and 3mm and 2% in
photon position and energy resolutions, the best sensitiv-
ity of 2.8 x 1078 at 90% confidence level is achieved.
Since background-free can not be achieved, the sensitivity
is expected to scale with the square root of the luminosity,

@ Springer
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and could reach 8.8 x 1077 with ten-year of data taking,
which is about one order of magnitude improvement upon
the current best result.
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