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Abstract: The search for dark portal particles is a prominent topic at the frontier of particle physics. We present a

simulation study of an experiment suitable for searching for scalar portal particles at the Huizhou # factory. The

high-intensity proton beam from HIAF and a high event-rate spectrometer are suggested to conduct this experiment,

both of which are well-suited for the discovery of new physics. Under a conservative estimation, 5.9x 10'! 5 events
could be produced during a one-month operation of the experiment. The hadronic production of # mesons
(p+'Li = nX) was simulated at a beam energy of 1.8 GeV using the GiBUU event generator. We searched for light

dark scalar particles through rare decay channels, namely 1 — S7° — 7*7~ 7% and n — S7° — e*e~n°. The detec-

tion efficiencies of the channels and the spectrometer resolutions were studied in the simulation. We also present the
projected upper limits of the decay branching ratios of the dark scalar particle and the projected sensitivities to the

model parameters.
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I. INTRODUCTION

Over the past few decades, the identification of Dark
Matter (DM) and Dark Energy has been among the most
extensively researched topics in particle physics and as-
trophysics [1—5]. The Standard Model (SM) of particle
physics has been tested with remarkable precision;
however, it fails to explain the mechanism of DM pro-
duction and its potential interactions with ordinary vis-
ible matter. In the pursuit of new physics, theoretical
physicists have continually proposed innovative exten-
sions to the SM [6—16]. Simultaneously, numerous exper-
iments have been conducted in the hope of unraveling the
mysteries of DM [17-23]. For instance, several high-en-
ergy experiments at the Large Hadron Collider have been
designed to probe the interactions between DM and vis-
ible matter, with the potential to measure the properties of
DM particles upon their detection [24, 25].

Among the theories proposed in the past, the Weakly
Interacting Massive Particle (WIMP) has been con-
sidered one of the most promising candidates for DM
[26—28]. Typically, WIMPs have a very large mass scale
(~TeV) and interact with visible matter only through the
weak interaction. However, the parameter space for
WIMPs is almost experimentally excluded [18, 29-31].
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Theoretically, light WIMPs (ranging from MeV to GeV)
would have been produced abundantly in the early uni-
verse, unless their annihilation rates were enhanced by
the simultaneous production of neutral mediator particles
[6, 32, 33]. Given that light DM particles currently have
few experimental constraints, they have become a key fo-
cus for future experimental searches. An increasing num-
ber of collaborations worldwide are shifting their efforts
to searching for DM particles in the low-mass region [0,
7, 34, 35].

The interaction mediators in the dark sector have
small masses (ranging from MeV to GeV) compared to
WIMPs, making them relatively long-lived, electrically
neutral vector or scalar particles [6, 32, 33]. Recently, ex-
perimental data have indicated the presence of new phys-
ics in the low-energy region around the GeV scale
[36—39], which can be explained by involving interac-
tions with invisible particles through the so-called
"portal" particles [40—44]. Unlike traditional WIMPs,
portal particles are not required to have a large mass or to
contribute significantly to DM. Instead, portal particles
serve as interaction mediators between the dark and SM
sectors. They are likely new gauge particles that couple
weakly with visible matter [6, 45]. According to their
quantum numbers, portal particles are typically classified
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into vector portal, scalar portal, heavy lepton portal, and
axion-like portal particles.

As a quasi Goldstone particle, # features all zero
quantum numbers (/°JF€ = 070~). The # meson has a re-
latively small decay width, given that many strong and
electromagnetic decays are forbidden at the tree level ow-
ing to the conservation of P, C, G parities and angular
momentum. Therefore, the rare decay channels of # in-
volving dark portal particles exhibit relatively large de-
cay widths. Furthermore, the # meson has long been re-
cognized as a testing ground for the violation of discrete
symmetries [46]. Given that the rare decay channels of
the # meson involve interesting physics, many experi-
ments have already been conducted to achieve precise
measurements of # decays, such as BESIII [47-52],
KLOE/KLOE-II [53—56], and JLab Eta Factory experi-
ments [7]. Recently, the REDTOP experiment was pro-
posed to probe new physics via rare # and n’ decays, with
many more statistical metrics of the # yield [35]. It is sug-
gested that the # meson decay is highly suitable for study-
ing various conjectured dark portal particles that connect
the SM sector with the hidden sector.

To explore new physics through rare # meson decays,
the statistical sample of # mesons needs to be extremely
high. Given that the hadronic production reaction of the #
meson has a significantly large cross-section, a high-in-
tensity proton beam is an ideal tool for generating an un-
precedented number of # samples. Recently, it has been
proposed to build a super # factory in Huizhou [57]. In
this paper, we provide further information on the simula-
tion of dark scalar particles at the proposed # factory in
Huizhou, expanding on the contents presented in Ref.
[57]. The High Intensity Heavy-lon Accelerator Facility
(HIAF), currently under construction in Huizhou, offers a
unique opportunity to establish a super # factory, given
that it can provide the strongest pulse intensity ion beam
in its energy region. To assess the potential physics im-
pact on dark scalar particles at the proposed Huizhou 7
factory, we conducted simulations. This paper, we
present details of these simulations and the projected
sensitivity to dark scalar particles in a preliminary experi-
ment with one month of operation at the Huizhou # factory.

The organization of the paper is as follows. A brief
review of the theoretical models of dark scalar portal
particles is provided in Sec. II. The conceptual design of
the spectrometer for the super # factory is discussed in
Sec. III. The simulation framework for this study is intro-
duced in Sec. IV. The simulation results and related dis-
cussions are presented in Sec. V. Finally, a concise sum-
mary is given in Sec. VL.

II. THEORETICAL MODELS OF DARK SCALAR
PORTAL

In scalar portal models, the dark sector couples to the

SM sector via interaction with the Higgs boson or an ex-
tension of the latter [12, 32, 58—60]. A new scalar particle
is hypothesized in these models, commonly referred to as
the dark scalar particle because of its coupling with the
hidden dark sector. In the simulations, we focused on
testing the minimal and hadrophilic scalar models, which
allow the rare decay channels n— Sa°— e*e 7’ and
n— Sn° — xtnn°, respectively.

A. Minimal Scalar Model

The simplest extension of the scalar sector of the SM
[11, 58, 61-63] involves introducing a single real scalar S
that is a gauge singlet. As the minimum extension of the
scalar field of the SM, this model is characterized by the
inclusion of an additional singlet field and the presence of
two types of couplings, namely ¢ and A [11]. At low ener-
gies, the involved dark scalar particle decays into the
electron-positron pair in these models [63, 64]. Therefore,
it is possible to find the signal of a light dark scalar
particle in the 5 decay channel n— Sa° — ete n°. The
SM decay of 7 — e*en° is usually described with a two-
photon intermediate state to conserve C parity. The
branching ratio of the SM decay n — e*e™n’ is estimated
to be on the order of 107, resulting in a small SM back-
ground. The relevant parameter of dark scalar particles in
the # decay is the mixing angle sin(6), which describes
the mixing effect of both the Higgs boson and the dark
scalar particle. At low energies, the Higgs field can be de-
scribed by H = (v+h)/ V2, where v is the electric-weak
vacuum expectation value and # is the field correspond-
ing to the physical Higgs boson. The nonzero u in the
dark scalar portal uSHH leads to small mixing between
the Higgs boson and the dark scalar particle expressed as
0 = uv/(m% —m3) in the small-mixing limit [6]. Following
Tulin's parametrization [7, 35], the mixing angle is con-
nected with the branching ratio of the # decay according
to the following equation:

2 m2
Br(y — 7°S) = 1.8 x 1075112 ( s 2) sinf6, (1)
m- nm

n n

where the mixing angle 6 is an unknown parameter and A
is a function related to the kinematics (A(a,b,c)=
a*+b* +c? —2ab—2ac-2bc). Note that Eq. (1) is based
on a numerical and approximate evaluation with an un-
certainty on the order of 20%.

B. Hadrophilic Scalar Model

Recently, a hadrophilic (or leptophobic) scalar model
was proposed. This model introduces a set of challenges,
including the emergence of a new flavor-changing neut-
ral current (FCNC) and a naturalness problem associated
with the light scalar mass [13, 14]. In general, to satisfy
the constraints imposed by FCNCs, the hadrophilic scal-
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ar interaction must be "flavor-specific". Extensive ana-
lyses have been conducted to address these issues [13,
14]. It was found that couplings to specific quark mass ei-
genstates can satisfy existing FCNC constraints, even for
relatively large couplings within the natural parameter
space. This assumption offers a promising approach for
searching for the hadrophilic scalar particle. In this study,
we exclusively considered couplings to first-generation
quarks. The corresponding Lagrangian is expressed as

1 1
L> E(aHS)2 - 5mgs2 —g.Siu, )

where my, is the scalar mass and g, is the effective coup-
ling parameter to the up quark. For the hadrophilic scalar
model, the branching ratio of dark scalar particle in # rare
decay is expressed as [7, 13, 35],

2 22

c 70 guB m2 "’172r

B )= G (108 ) o
nn

where g, is an unknown coupling parameter, B =m?/
(my, +my) = 2.6 GeV, Csqop = % cosf— \/3sinf isa para-
meterized coefficient used to describe the effect of n—n'
mixing, and 4 is a function related to the kinematics. Ow-
ing to SU(3) breaking, the physical states of # and 7’
mesons are the mixed states of the singlet and octet states.
To study the meson decay at the quark level, the n—#’
mixing angle is considered. At low energies, the interac-
tions of dark scalar particles with pseudo Nambu-Gold-
stone bosons is associated with chiral symmetry breaking
in terms of the known meson masses, resulting in a di-
mensional parameter B = m2/(m, +my) [13].

III. A COMPACT SILICON-PIXEL-BASED
SPECTROMETER

The conceptual design of the spectrometer for the su-
per n factory experiment is shown in Fig. 1, which in-
cludes the main parts. The tracking system is entirely
based on silicon pixel detectors with a small position res-
olution of approximately 10 um. It includes forward par-
allel plate modules spaced 10 cm apart and central barrel
modules with 5 cm gaps. The high event-rate capacity of
the system is achieved through a dual-readout technique
that records both the arrival time and the deposited en-
ergy in each pixel. The time-of-flight (TOF) detector is
composed of low-gain avalanche detectors (LGADs) with
a low material budget, serving as the primary particle
identification system for low-energy particles. The outer
layer of the TOF detector measures 100 cm in length and
has a radius of 30 cm. Surrounding the TOF detector is
the electromagnetic calorimeter (EMC), constructed from
radiation-hard lead glass for high-energy photon detec-

Solenoid

Silicon-pixel tracker

Fig. 1.
trometer for the # rare decay experiment. The grey, magenta,

(color online) Conceptual design of a compact spec-

cyan, and blue modules correspond to the solenoid, EM calor-
imeter, TOF detector, and silicon-pixel tracker, respectively.

tion. The fast time response of Cerenkov light in lead
glass supports the high event rate of the EMC. Further-
more, the significant suppression of neutron background
is attributed to the minimal Cerenkov light produced in
hadronic showers. Our Geant4 simulations suggest that
low-energy neutron background can be effectively neg-
lected in the lead-glass EMC. All the key detectors men-
tioned are housed within a superconducting solenoid, en-
abling precise momentum measurement of charged
particles.

Thanks to the small position resolution and high
event-rate capacity of the silicon pixel detector, the spec-
trometer was designed to be compact, with a solenoid in-
ner radius of approximately 60 cm. Multi-layer thin foil
targets composed of light nuclei are positioned near the
entrance of the spectrometer, thereby maximizing the ac-
ceptance of forward particles in the fixed-target experi-
ment. The momentum and angular distributions of the fi-
nal-state particles from the targeted n decay channels are
shown in Figs. 2 and 3. The momentum and angular dis-
tributions of the reconstructed final-state particles from
the detector simulation are also presented in the figures.
The results indicate that the majority of the final-state
particles can be effectively measured with the currently
designed spectrometer.

IV. SIMULATION FRAMEWORK

For # meson production in proton-nucleus collisions,
we used the Giessen Boltzmann-Uehling-Uhlenbeck
(GiBUU) event generator. This generator is based on the
Boltzmann and Uehling-Uhlenbeck equations [65—67],
enabling the study of particle interactions and transport
processes in a nuclear environment. Interactions, colli-
sions, and scattering processes between nucleons were in-
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(color online) Momentum versus angle distributions of the final-state particles from the decay channel  — 7*7~2%yy).
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corporated using the Monte Carlo (MC) method for nu-
merical solutions. The GiBUU generator is versatile, cap-
able of describing various nuclear physics phenomena
over energies ranging from 100 MeV to 100 GeV, includ-
ing heavy-ion collisions, nuclear reactions, and nuclear
structure studies. Following the # meson production
modeled by the GiBUU event generator, we programmed
specific decay chains of the # meson to ensure more real-
istic simulations. This approach also allowed us to evalu-
ate the efficiency and resolution of the channels of in-
terest.

For the spectrometer simulation, we constructed the
ChnsRoot package, which is based on the FairRoot
framework [68]. The FairRoot framework provides the
core services for detector simulation and offline analysis,
allowing users to quickly and conveniently construct ex-
perimental setups. In ChnsRoot, we implemented a fast
simulation based on Geant4 simulation results, focusing

100
0[]

P [GeV]

150

150 50

100
0[]

(color online) Momentum versus angle distributions of the final-state particles from the decay channel 1 — e*e™n%(yy).

on the energy resolutions and efficiencies of the detect-
ors. Using the ChnsRoot package, we efficiently and reli-
ably studied the acceptances, efficiencies, and resolu-
tions of the detectors.

The angular acceptances of both charged and neutral
particles were designed to be in the range from 10° to
100° in the conceptual design of the spectrometer. Fig-
ures 2 and 3 show the reconstructed kinematics from the
ChnsRoot simulations for pions, electrons, and photons in
the studied n decay channels. The minimum momentum
of charged particles is constrained by the inner radius of
the silicon pixel tracker. For neutral particles, the hit
threshold of the EMC was set to the value induced by a
50 MeV photon. According to these simulations, this
EMC threshold effectively rejects the low-energy neut-
ron background while preserving as many photons as
possible.

The statistics of the # meson samples are a crucial in-
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put for both future experiments and the simulations
presented in this study. The statistics depend on several
factors, including the energy setting, cross-section, and
running time of future experiments. The proton beam en-
ergy was set at 1.8 GeV, just below the p production
threshold, to minimize background. At this energy, the
probability of # production in elastic scattering is approx-
imately 0.76%, as derived from the GiBUU simulation of
p-Li collisions. Extrapolating from previous measure-
ments, the # production cross section in p-p collisions is
approximately 0.1 mb at 1.8 GeV [69]. Thus, the cross-
section in p-A collisions is approximately 0.1 x A mb. The
multi-layer target of thin foils (lithium or beryllium) will
be used in future experiments. The luminosity of the
fixed target experiment can reach 10°° cm™?s™'. A light
nuclear target is used to reduce both the background and
particle multiplicity. However, considering the event rate
capacity of the spectrometer, we assume a conservative
event rate of inelastic scattering at 100 MHz. For a con-
servative estimation of the impact of the future experi-
ment, we assume that the experiment will run for one
month with a duty factor of 30%. Based on this, we es-
timate that the number of # mesons produced in a future
preliminary experiment will be 5.9x10'".

In this study, we simulated approximately 13 million
inelastic p-A collision events owing to limitations in
computing resources and storage capacity. To predict the
sensitivity of a real experiment, we scaled up both the
background distributions and the number of produced #
samples accordingly, using a scaling factor of approxim-
ately10°. The total number of events in the future # fact-
ory experiment is expected to reach a spectacular scale.

V. RESULTS AND DISCUSSION

From MC simulations, we estimated the detection ef-
ficiencies of the channels of interests. Next, we show the
resolutions of the masses of n°, #, and dark scalar
particles. We also report on the projected background dis-
tributions after applying the event selection criteria. We
computed the upper limits of branching ratios of the stud-
ied channels. Finally, the sensitivities of the model para-
meters were obtained from the simulation data.

A. Efficiencies

The detection efficiencies for the targeted # decay
channels are crucial for optimizing the design of the spec-
trometer. The input MC and reconstructed events are
shown in Figs. 4 and 6 for the channels  — n%*e~ and
n — n’x*n~, respectively. The detection efficiencies as a
function of the dark scalar mass (invariant mass of its de-
cay products) are shown in Figs. 5 and 7. It can be seen
that the efficiencies exceed 40% for both channels tar-
geted for dark scalar particle exploration. These efficien-
cies are satisfactory, given that they are very close to the

x1 0°
0.8
L Input
0.6~ NJRec.
£ [
2 04-
L [
0.2 . N
% 01 02 03 04
Mass(e'e’) [GeV]
Fig. 4. (color online) Event distributions as a function of the

mass of the dark scalar particle for the channel n— r%*e"
The green and blue histograms show the input MC events
from the event generator and the reconstructed events from
the detector simulation, respectively.
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Fig. 6. (color online) Event distributions as a function of the

mass of the dark scalar particle for the channel 5 — 2%z~
The green and blue histograms show the input MC events
from the event generator and the reconstructed events from
the detector simulation, respectively.

pure geometrical acceptances.
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Fig. 7. Collecting efficiency of the channel n — z%7*7~ as a
function of M(n* 7).
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Fig. 8.  (color online) Invariant mass distribution of e*e™

from the dark scalar decay channel n— S7° — e*eyy. The
mass of the dark scalar particle was assumed to be 50 MeV in
this simulation.
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Fig. 9. (color online) Invariant mass distribution of n*n~

from the dark scalar decay channel 5 — S#° — a*z~yy. The
mass of the dark scalar particle was assumed to be 300 MeV
in this simulation.

B. Invariant mass resolutions

In the simulation, we programmed the following de-
cay chains of # meson decay with a presumed dark scalar
particle: n — Sa° — e*e”yy and n — S7° — "7 yy. From
the ChnsRoot simulations, the distributions of the recon-

x10°
: mean: 0.14
0.1 sigma: 0.015
" L
< L
(]
Lﬁ |-
0.05—
07 . . . . . . | .
0.1 0.15 0.2
Mass(yy) [GeV]
Fig. 10. (color online) Distribution of the reconstructed 7°

mass from the channel  — e*e 7" — e*e yy.
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0.3~
[2] L
= r
g L
@ 02
0.1
0: L L | L L h |
0.15 0.2
Mass(yy) [GeV]
Fig. 11.  (color online) Distribution of the reconstructed 7°

mass from the channel  — 77~ 7% - 7t yy.
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0.1
07 | | L
0.4 0.5 0.6 0.7
Mass(e*en®) [GeV]
Fig. 12.  (color online) Distribution of the reconstructed 75

mass from the channel 5 — e*e 70,

structed mass of the dark scalar particle are shown in
Figs. 8 and 9 for e*e” and n*n~ channels, respectively.
Thanks to the small spatial resolution of the silicon pixel
detector, the mass resolution for the dark scalar particle is
also very small, less than 2 MeV for both channels. This
small mass resolution is crucial for the sensitivity to new
particles, given that it reduces the number of background
events under the narrower peak.

For the event selection, we also needed to identify #°
and # particles from the invariant mass distributions.
Based on the ChnsRoot simulations, the distributions of
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Fig. 13.  (color online) Distribution of the reconstructed n

mass from the channel  — 77~ 7°.

the reconstructed mass of the decay n° are shown in Figs.
10 and 11 for e*e™n° and a*n~#° channels, respectively.
According to the current design of the EMC, the mass
resolution of 7° is not as good as expected, being approx-
imately 15 MeV for both # decay channels. The distribu-
tions of the reconstructed mass of the 7 meson are shown
in Figs. 12 and 13 for e*e n’ and n*n~n’ channels, re-
spectively. According to our simulations, the mass resolu-
tion of the # meson is approximately 20 MeV for both
studied decay channels. The resolution of the # mass
mainly comes from the resolution of #n°, given that our
designed spectrometer excels in measuring the mo-
mentum of charged particles accurately. Small mass res-
olution enables the application of strict criteria for n° and
n selections, thereby reducing the background and im-
proving the sensitivity to dark scalar particles. Improving
the energy resolution of the EMC is an effective ap-
proach for improving the resolutions of the masses of 7°
and 7.

C. Background distributions

The targeted decay channels of # for searching for
dark scalar particles are 7 — e*e n” and n — 7*n 2%, The
technique to find dark scalar particles consists in search-
ing for a bump in the invariant mass distributions of e*e”
and n*n~. Before generating the targeted invariant mass
distributions, we selected the channels of interests. The
reconstructed masses of # and n° were required to be
within the+30 range.

Figures 14 and 15 show the simulated invariant mass
distributions of e*e” and #*n~ from the channels
n—ete n’ and n— ntna°, respectively. The bin width
of the histogram was chosen to be six times the resolu-
tion of the dark scalar particle, ensuring that the dark
scalar particle predominantly appears in only one bin. For
a conservative estimation, in the detector simulation,
neutrons above the hit threshold of the EMC are all
misidentified as photons. In the invariant mass distribu-
tions of e*e” and n*n~, no peaks are observed because
the dark scalar particle has not been implemented in the

107 &
10°
K] £
2 F
5 T
@of
10° E
L PR I P PR I
0 0.1 0.2 3 0.4
Mass(e*e’) [GeV]
Fig. 14. Projected invariant mass distribution of e*¢™ in the
channel 5 — e*e 7 for the suggested one-month running ex-
periment.
9
10719
8-
2 6
2 o
s [
> L
2"
ot \ I
0.3 0.35 0.4
Mass(rn*n) [GeV]
Fig. 15. Projected invariant mass distribution of n*z~ in the

channel i — n*7~ 7 for the suggested one-month running ex-
periment.

GiBUU event generator. Consequently, the obtained in-
variant mass distributions represent only the background
distributions, without the presence of the dark scalar
particle. The lower the background distribution is, the
better the sensitivity of the experiment will become.

D. Branching-ratio upper limits

The invariant mass distributions of e*e” and n*n~
present no bump, given that they are simply the back-
ground distributions without the presence of the dark
scalar particle in the decay. Given that there is no signal
peak in the distribution, the significance of dark scalar
particles is less than 3o0-. With the background distribu-
tion after the event selection process, we can estimate the
upper limit of the branching ratio for the dark scalar de-
cay channel. The upper limit of the branching ratio for a
new particle in the decay is simply given by

3% /N @)

Br. upper limit =
n X €

where N, is the resulting number of background events
in bin i, N, is total number of # mesons produced in the
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Fig. 16. Projected branching-ratio upper limit of dark scalar
particles in the decay channel 5 — S7°% — e*e~yy for the sug-
gested one-month running experiment.
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Fig. 17. Projected branching-ratio upper limit of dark scalar

particles in the decay channel 5 — S7° — 7*7~yy for the sug-
gested one-month running experiment.

experiment, and ¢ is the efficiency of detecting the dark
scalar particle in the mass bin i. The confidence level is
99 % for the upper limit estimated using Eq. (4). The stat-
istics for a total of # samples was discussed at the begin-
ning of this section.

Figures 16 and 17 show the branching-ratio upper
limits of a dark scalar particle in the decay as a function
of the particle mass in the channels 7 — S’ — e*eyy
and n— Sn° — n*7 yy, respectively. Figure 16 shows a
fast decrease in the upper limit around 0.14 GeV. This is
because most of the background electrons in the simula-
tion originated from the decay of #n°. In the large mass re-
gion above the pion mass, the projected upper limit of
dark scalar particles is close to 10~ in the e*e~ channel.
In the n*n~ channel, the branching-ratio upper limit of
dark scalar particles is below 1075, Given that the direct
n*nn® decay is one of the main decay channels of 7, the
upper limit of dark scalar particles given in this channel is
not as small as expected.

E. Sensitivities to model parameters

Applying the model description of the dark scalar
particle in # rare decays, the upper limit of the branching
ratio for # to dark scalar particles can be used to con-
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Fig. 18. (color online) Sensitivity to the parameter sin’6 in
the minimal scalar model as a function of the mass of the dark
scalar particle for the suggested one-month running experi-
ment (black solid curve, conservative plan). The projected
sensitivity for an ideal case is also shown in the figure (black
dashed curve). The ideal experimental plan is for a one-year
run at an event rate of 500 MHz. The red dashed curve repres-
ents the preliminary result from the REDTOP experiment
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Fig. 19. (color online) Sensitivity to the parameter g, in the
hadrophilic scalar model as a function of the mass of the dark
scalar particle for the suggested one-month running experi-
ment (black solid curve, conservative plan). The projected
sensitivity for an ideal case is also shown in the figure (black
dashed curve). The ideal experimental plan is for a one-year
run at an event rate of 500 MHz. Previous experimental data
for the constraints were extracted from E787/E949 [70-73],
MAMI [74], BESIII [52], KLOE [55], and SN 1987A [13,
75].

strain the free parameters in the model. The sensitivity to
the model parameters refers to the precision with which
we can test the model at a satisfactory significance level.
In an experiment, the sensitivity to the model parameters
is closely related to the measured upper limit of the
branching ratio, as described by Egs. (1) or (3).

Figure 18 shows the projected sensitivity of the mix-
ing angle parameter as a function of the mass of the dark
scalar particle according to the minimal scalar model.
This sensitivity is based on the projected upper limit of
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the branching ratio of 7 — Sn° — e*e yy for a prior one-
month running experiment. Note that the sensitivity to 6
is approximately 107! at a confidence level of 99%. The
preliminary projection of REDTOP is also shown for
comparison [35]. In the small-mass region, our results are
worse than those of REDTOP, while in the large-mass re-
gion, our results are similar to those of REDTOP. Figure
18 also shows the sensitivity projection for an ideal one-
year running experiment at an event rate of 500 MHz.

Figure 19 shows the projected sensitivity of the coup-
ling parameter g, as a function of the mass of dark scalar
particle according to the hadrophilic scalar model. The
sensitivity is based on the projected upper limit of the
branching ratio of n— S#° — x*7~yy for a prior one-
month running experiment. Note that the sensitivity to g,
is close to 107 at a confidence level of 99%. Note that
even with just one month of running for the proposed ex-
periment, the sensitivity will surpass that of existing ex-
periments in the corresponding mass domain. The cur-
rent experimental constraints from MAMI and BESIII
come from analyses of 7 — n’yy and ' — n°7*n~ data,
respectively, according to the same hadrophilic scalar
model. Figure 19 also presents the sensitivity projection
for an ideal experimental plan of one-year run at an event
rate of 500 MHz. With years of running for the Huizhou
n factory program, our constraints on the hadrophilic
scalar model will be comparable to those of the proposed
REDTOP experiment [35].

V1. SUMMARY

A super # meson factory at Huizhou is proposed to
explore new physics and precisely test the SM. The total
number of # events for a preliminary one-month running
experiment is estimated to be on the order of 10", while
the total number of inelastic scattering events is estim-
ated to be on the order of 10'3. The cross-section of 7
meson production in p-A4 collisions is given by the
GiBUU event generator.

To study the performance of the conceptual design of
the spectrometer and investigate the physics impacts of
the proposed experiments, we developed a simulation
framework for the experiment. Both the signal (np—

S’ —ete"yy and n— S’ — ntn"yy) and background
(n— ete yy and n — n*nyy) processes were simulated.
The signal events for the dark scalar portal particle in #
decay were generated using simple computer programs
coded by us. The background events were generated with
the GiBUU event generator. Additionally, we created a
detector simulation tool, ChnsRoot, which is based on the
FairRoot framework.

According to our simulations, the designed spectro-
meter has a large efficiency (approximately 40%) in col-
lecting the events of interests (57— Sn° — e*e"yy and
n— Sn% — x*n"yy). Thanks to the small spatial resolu-
tion of the silicon pixel tracker, the invariant mass resolu-
tion of the dark scalar particle is excellent (<2 MeV) and
the invariant mass resolution of # is acceptable (~ 20
MeV). The energy resolution of the photon should be im-
proved in the future to further enhance the signal-to-back-
ground ratio. The branching-ratio upper limits of
n—Sn® —>etemyy and n— S’ — ntaTyy were projec-
ted with our simulation framework. The branching-ratio
upper limit of the dark scalar particle in the e*e™ channel
can reach 10~ in the larger mass region above the pion
mass. The branching-ratio upper limit of the dark scalar
particle in the 7*n~ channel is on the order of 107°. The
sensitivities to the parameters of the minimal scalar mod-
el and the hadrophilic model were obtained from the sim-
ulations as well.

In this simulation-based study of dark scalar sensitiv-
ities, the experimental uncertainties were not evaluated
quantitatively. However, we provide basic information
for estimating these uncertainties. The statistical uncer-
tainty is expected to be notably small, as we plan to col-
lect a large number of # meson samples at the Huizhou #
factory. The systematic errors, which are related to the
performance of the detectors, are anticipated to dominate
the total experimental uncertainty. The systematic uncer-
tainties for the sensitivity study mainly arise from the
beam monitor, detection efficiency, particle misidentific-
ation, and momentum resolutions. Based on the results
from current high-energy and nuclear experiments, these
systematic uncertainties are under control and are expec-
ted to be at the level of several percentage points.
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