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Large numbers of J/y mesons can be resonantly produced at BESIII and STCF at the center-of-mass
energy /s = 3.097 GeV. Such J/y mesons may undergo rare decays into an axionlike particle (ALP) a
and a dark photon ' through the dark axion portal. We investigate the exclusion reach of the existing
BESIII dataset and the projected sensitivity of STCF, focusing on the monophoton signature. We perform
Monte Carlo simulations of the signal and estimate both the irreducible J/w — yvv background and the
continuum and resonant three-photon reducible backgrounds. Detector-induced migration of three-photon
events into the mono-photon signal region is parametrized by the event-level leakage probability
€™ =0,107%,107*,107. In the zero- and sufficiently small-leakage benchmarks, the existing BESIII
dataset could probe previously unexplored parameter space, while STCF can further improve the coupling
reach. Increasing leakage probabilities progressively weaken these projections, highlighting the importance

of detector-level three-photon rejection in realizing the projected reach.
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I. INTRODUCTION

In recent years, models of portal physics are under
scrutiny, as to whether they serve as a bridge between the
Standard Model (SM), visible sector and a dark, invisible
sector. Traditionally, such models include the fermion
portal with heavy neutral leptons [1-3], the scalar portal
with a new scalar particle [4-9], the vector portal with a
dark photon y’ [10-15], and the pseudoscalar portal with an
axion or axionlike particle (ALP) a [16-22]. The predicted
new particles listed above couple to the SM particles either
directly or via mixing with them. An additional portal,
called the dark axion portal (DAP), was introduced more
recently in Ref. [23]. As an independent portal, the DAP
provides a novel link between the dark photon and the ALP,
featured with the coupling G,,,/, instead of being a naive
combination of the vector and pseudoscalar portals. The
DAP can be constructed from a triangle anomaly, in the
underlying UV-complete models such as the dark KSVZ
axion model discussed in Ref. [23].

The DAP scenario is well motivated, for solving critical
issues in particle physics and cosmology, including the
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strong CP problem [23-25] and the hierarchy problem
with a cosmological relaxation solution [26-28], as well as
providing a dark-matter candidate [23,29-31]. For
further past studies on the dark axion portal, we refer to
Refs. [32-41]. Such studies cover contexts of cosmological
observations, colliders including B factories, beam-dump
experiments, astrophysics, and neutrino experiments.

In this work, we investigate the sensitivity of the existing
Beijing Spectrometer IIT (BESIII) experiment at the Beijing
Electron Positron Collider II (BEPC 1II) [42] in Beijing,
China, as well as that of the proposed Super Tau—Charm
Facility (STCF) [43,44] in Hefei, China, to the dark axion
portal. BESIII and STCF are intensity-frontier electron-
positron collider experiments, scanning the center-of-mass
(COM) energy over about 2-5 GeV and 2-7 GeV, respec-
tively, in the tau-charm regime. In particular, both experi-
ments can operate at the COM energy of 3.097 GeV on the
J/w(18) resonance, yielding O(10'%) and O(10'?) J/y
mesons, respectively. The J/y mesons can undergo two-
body decays via an off shell SM photon y into a dark
photon and an ALP in the DAP scenario, i.e., J/y — ay/,
as studied in the context of the LHC far detectors [38] and
the beam-dump experiments NA64e, NA64y, LDMX, and
M3 [30,31].

We focus on the phenomenology with the single cou-
pling G, in this work. With this coupling present, an
additional coupling G,z arises from the SM gauge
invariance, with the relation |Gz, /G,,,| = tan 8y, where
Ow is the weak mixing angle [39]. Since we consider
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BESIII and STCF on the J/y/(1S) resonance, the Z-boson
contributions to the signal process are negligible, and we
will therefore ignore the coupling G,z in our phenom-
enological analysis.

The sensitivity projections presented in this work are
based on simulations and analytic estimates of the signal
and background contributions. Although we make every
effort to model the relevant BESIII detector response and
the anticipated STCF performance, our results remain
phenomenological estimates. In particular, the background
estimates and the resulting sensitivity projections may
be optimistic. They will ultimately require validation and
refinement by the BESIII and future STCF Collaborations
using full detector simulations and data-driven studies
based on control samples.

This paper is organized as follows. In Sec. II, we present
the model setup, computing the decay rates of the J/y
meson, dark photon, and ALP. Then in Sec. III, we
introduce the BESIII and STCF experiments, detail our
simulation procedures, as well as elaborate on background
estimates. We show the numerical results in Sec. IV and
conclude the paper in Sec. V. Additionally, Appendix A
provides the analytic differential decay rates for the signal
and irreducible background, while Appendix B details
our benchmark estimate of the reducible three-photon
backgrounds.

II. THEORETICAL SETUP

We focus on the following interaction Lagrangian with a
single term proportional to the coupling G, [23,45]:

G,
EDAP D — 2 aF Z/lw, (1)

where G,,,, has mass dimension [—1], and F,, is the
electromagnetic field-strength tensor and Z’** is the field-
strength tensor of the dark U(1), gauge field. Z'* is the
dual of Z'*.

As discussed above, the interaction in Eq. (1) may induce
J/w decays into a dark photon and an ALP, and we
compute the corresponding decay width to be

2Q2f3/.,, ary' /13/2(

I(J/w = ay) = 56m
7/

mJ/y/’ mg, mi ), (2)
74

where e denotes the electric charge coupling, Q. = 2/3 is
the electric charge in units of e, f;,,, and m;,,, are the decay
constant and mass of J/y, respectively, and A(x,y,z) =
x% +y? + 72 — 2xy — 2xz — 2yz labels the Kéllén function.
m, and m, are the masses of the ALP and the dark photon,
respectively.

We notice, on the other hand, that the decay width of the
SM process J/y — eTe” [46] is

47ra2Q%f2
Ty —eter) =—— (3)
3my gy,

where a = e?/4x is the fine structure constant. We thus
express ['(J/y — ay’) in terms of ['(J/y — eTe™),

G2 T(J/w — ete
T(J/y = ay) = 7w )

4
32ram; Ty

/13/2(mj/w,m§,mf), (4)

where I(J/y—eTe”)=T,,, -BR(J/y = eTe) =
5.53 keV with the measured J/y total decay width I';/,, =
92.6 keV and BR(J/w — eTe™) =5.971% [47].

In Fig. 1, we show the Feynman diagram of the decay
J/w — ay’ via an off shell SM photon. The vertex
associated with the coupling G, is labeled with a
blue blob.

Further, we display in Fig. 2 a plot of BR(J/y — ay’) =
I'(J/y = ay')/T;), as a function of m,, for m, = 0 and
G,,, =107 GeV~'. For this benchmark, the branching
ratio is of order 107'". I'(J/y — ay’) [see Eq. (4)] is

symmetric under m, <> m, and scales as Giw

The leading two-body decays induced by the G
coupling and their corresponding partial widths are

ayy

ayy'

GZW ’”2 3
'y =1 1——2), 5
=g (1-8).
/ Giw’ 3 mJ%I 3
F(a_)77/> = 327 ma<1_m3> . (6)

The two modes are kinematically allowed for m,, > m,, and
m, > m,, respectively.

We work in a simplified benchmark in which G, is the
only new-physics coupling relevant at the J/y energy
scale. In particular, dark-photon kinetic mixing and addi-
tional ALP couplings to SM particles are assumed to be
negligible. If appreciable, such interactions would open
decays such as y - £7¢~, a —» £T¢~, and a — yy, and

FIG. 1. The Feynman diagram depicting the J/y decay into a
dark photon and an ALP via an s-channel SM photon.
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FIG. 2. The decay branching ratio of J/y — ay’ as a function

of m, for m, = 0 and G,,, = 107> GeV~".

could lead to experimentally cleaner final states containing
charged-lepton pairs, possibly accompanied by a photon
and/or missing energy. These signatures depend on addi-
tional independent couplings and lie outside the scope of
our single-coupling mono-photon analysis.

Even within this single-portal-coupling benchmark,
the photon in the radiative transition can be off shell,
giving rise to the Dalitz-type three-body decays y' —
ay* — aff and a — y'y* = y'ff, when kinematically
allowed. These modes are suppressed by the additional
electromagnetic coupling and the three-body phase
space, and typically contribute only at the percent level
to the total decay width [38,39]. We therefore neglect
their effects on the lifetimes and mono-photon sensitiv-
ities considered here.

The proper decay lengths ¢z, and cz,, are computed as
ch/T’, and ch/T,, respectively, where I', and T, are the
total decay widths of the ALP and the dark photon. In our
benchmark, the relevant total width is approximated by the
dominant two-body partial width in Eq. (5) or Eq. (6),
depending on the mass hierarchy. The percent-level three-
body contributions discussed above are neglected.

We show in Fig. 3 a plot of ¢z, - Gi , as a function of
my . The red (blue) curve is for the decay of 7' (a) with
m, < m, (m, < m,). The two curves differ by a factor of
3 vertically, as can be inferred from Eq. (5) and Eq. (6). Itis
easy to see that if the value of G, decreases or the mass of
the heavier particle is reduced, its lifetime is enhanced,
potentially making it long-lived.

In this work, we propose a search for a single-photon
signature arising when the heavier of y’ and a decays into
the lighter state and a photon. We require the decay to occur
within a three-dimensional lab-frame distance Lg.. <
Lyrompt = 1 ¢cm from the interaction point (IP) and there-
fore, treat the resulting photon as prompt in our analysis. In
the next section, we will discuss our search strategy in
detail.

oy - GeV]

2

oy - G,

Mgy [MV]

FIG. 3. The proper decay length cz,/, of the heavier new
particle (¥’ or a) scaled with wa, as a function of its mass, with

the other particle being much lighter or massless.

III. EXPERIMENTS AND SIMULATION

We consider the low-energy e™e™ collider experiments
BESII and STCF, focusing on the COM energy /s =
3.097 GeV at the J/y(15) resonance. The enhancement in
the signal-event yields brought by the resonant production
of the J/yw mesons, compared to the nonresonant con-
tinuum process, is expected to result in excellent sensitiv-
ities to the DAP.

Ignoring potential, minor effects of initial-state radiation
of the incoming electron and positron beams, we perform
truth-level Monte Carlo (MC) simulations of J/y meson
decays at rest into an ALP and a dark photon. The J/y
mesons considered here are produced through ete™ — y* —
J/w at BESIII and STCEF. In the limit of negligible electron
mass, current conservation implies that the longitudinal
component of the intermediate virtual photon does not
contribute, so that the produced J/y mesons are transversely
polarized. Averaging over the two transverse helicity states
(4 = %1), the corresponding differential decay rate is

dl'r(J/y — ay’)

1 2
dcos@, (1+cos0). (7)

=I(J/y — ar')

oo W

where 6, denotes the polar angle of the ALP (equivalently, for
the dark photon, since the two particles are produced back-
to-back) with respect to the beam axis, and the subscript T
indicates the average over the two transverse polarization
states of the J/y meson. This angular distribution is taken
into account in the simulation. We require the heavier of the
ALP and dark photon to decay into an SM photon and the
lighter particle. For the ALP and dark-photon decays, we
assume isotropic angular distributions, which is exact for the
spin-0 ALP but approximate for the spin-1 dark photon.' We

'"We have checked numerically that the sensitivity results are
negligibly affected by the precise choice of the polar-angle
distributions.
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provide in Appendix A the analytic differential decay widths
of the J /y mesons in both signal and irreducible background
events.

In the J/y rest frame, the photon recoil mass satisfies

mi. = mg/w—Zm 1/yE, and is therefore in one-to-one

correspondence with the photon energy, rather than con-
stituting an independent observable. The recoil system
consists of two identical invisible particles, implying
My > 2my, where m; denotes the mass of the lighter
of y” and a. The recoil-mass distribution is continuous, and
both its kinematic end points and shape depend on the
masses of the two new particles. With only one observed
photon, only the total recoil four-momentum can be
reconstructed, while the individual four-momenta of the
two invisible particles cannot be determined.

We then impose the following kinematic-acceptance
requirements for the final-state photons, in reference to
the cuts used by the BESIII Collaboration [48]: |cos#,| <
0.8 and E, > 25 MeV, where we consider only the barrel
region. For the photons satisfying these conditions, an
efficiency of 99% is applied. For the STCF experiment, we
take the same event-selection cuts as described here.

For each simulated signal event, we apply the probability
that the heavier of a and y’ decays within a three-dimen-
sional lab-frame distance Lge < Lyrompe =1 cm  from
the 1P,

€prompt = 1- e_memp‘/(ﬂchr)’ (8)
where § = p/E is the speed of the decaying particle with p
and E labeling the three-momentum magnitude and energy
of the heavier particle, y; = E/m denotes its Lorentz boost
factor with mass m, and cr is its proper decay length. For
both BESIIT and STCF, Loy is within the beam-pipe
vacuum region [42,44]. For a photon reaching the barrel
electromagnetic calorimeter (EMC) of inner radius Rgyc,
the maximum additional nonpointing angle relative to the
corresponding IP-pointing direction is bounded by
Sy < arcsin(Lprompi/ Remc). Using the EMC radii of
94 cm for BESIII [42] and 105 cm for STCF [43], this
additional angle is smaller than 0.61° and 0.55°, respec-
tively. At the level of our phenomenological treatment,
these subdegree deviations are negligible; we therefore
apply the same flat 99% efficiency benchmark as for
photons originating from the IP. A dedicated analysis of
decays beyond Lp,mp, for which non-pointing-photon
information may become relevant, is left for future work.

For the proposed mono-photon search, both reducible
and irreducible backgrounds exist. The reducible back-
grounds stem from ete~ — y + X, where the photon y is
the only particle detected and X denotes anything unde-
tected by the detector. Such processes include mainly those
with X being a pair of charged fermions, a photon pair, or a
single photon. For the Born two-photon final state, the
recoil photon is back-to-back with the tagged photon and

therefore, lies within the nominal detector acceptance
whenever the tagged photon does, in the idealized point-
symmetric limit. Its rejection nevertheless relies on suc-
cessful reconstruction of the recoil photon. Geometric gaps,
inactive regions, and reconstruction inefficiencies can
therefore produce residual two-photon leakage into the
mono-photon sample. The other reducible processes can
likewise contribute when the additional final-state particles
escape detection.

For reducible configurations in which the undetected
particles escape through the nominal forward or backward
blind regions, transverse-momentum and energy conserva-
tion gives the following upper bound on the energy of the
visible photon as a function of its polar angle 6, [49,50]:

\/E
Emax 9 —
b (0) 1 +sin6,/sin6,’ ©)

where, following Ref. [51], we have sin6, = /1 — cos” 0,
with |cos 6,| = 0.95 corresponding to the boundary of all
the subdetectors at BESIII [52]. We take the same value of
cos 8, for STCF. The requirement E, > E}**(6,) provides
a powerful kinematic veto under the idealized assumption
of complete detector coverage and perfect veto efficiency
down to @,,. In a realistic detector, however, geometric gaps,
inactive regions, and reconstruction inefficiencies can
cause a small fraction of multiparticle events to violate
this idealized rejection. We therefore do not assume that
this requirement completely removes the reducible back-
grounds. In the present work, we explicitly estimate only
the three-photon contribution and parametrize its migration
into the mono-photon signal region by the event-level
probability ef?*, as detailed in Appendix B. The Born
process eTe” — 2y, unresolved 2y(+y) configurations,
radiative-Bhabha backgrounds, and other detector-depen-
dent reducible sources are not included in this benchmark
estimate; their migration into the mono-photon signal
region requires separate detector-level estimates. Note that
the cut E, > E}™(6,) is always stronger than the E, >
25 MeV one in the present study.

The dominant irreducible background stems from
J/w — yuv decays, with a branching ratio recently esti-
mated with lattice QCD to be BR(J/y — ywb) =
1.04(7)(8) x 107!° in the SM [53]. We use the lattice
result to normalize the total decay rate of J/y — yvv, while
the kinematic acceptance is evaluated with the leading-
order analytic spectrum given below. Uncertainties asso-
ciated with this spectrum modeling are not included.
Instead of performing a detailed simulation, here we
provide an analytic estimate of the irreducible-background
levels at BESIII and STCF.

For BESIII, the total number of resonant J/y events
collected is determined to be N> = (10087 + 44) x

10 [54]. For STCF, we have N%’?F =3.4x10" J/y
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mesons per year with an integrated luminosity Lgpcgp =
1 ab~! [43]. Since STCF is planned to operate at /s =
3.097 GeV for one year, this would lead to non-negligible
irreducible-background levels. We compute analytically the
double differential decay rate of J/w — yuvv for the
transversely polarized J/w mesons, and obtain

d’Tr(J /y = yvb)
dEyd cos (97,

Ey(3mj/,l, - 4Ey
+ (4E, —my,,)cos*6,),  (10)

with cos 6, ranging between —1 and 1 and E, between 0
and m,, /2. The subscript T has the same meaning as that
in Eq. (7).

We thus estimate the cut efficiency of |cos6,| < 0.8 and
E, > E}™(0,) with the following formula:

_ [%gdeost, | it dE, Corfe=rer)

c dE,dcos 0,
T Jhdeoso f"’””/z dE, e
~ 49.8%. (11)

The quantity €;, =49.8% in Eq. (11) is the kinematic
acceptance. Including the flat single-photon reconstruction
efficiency €, ~ 0.99, the total efficiency is

€0l — ¢ e~ 49.3%. (12)

Using the central value of the SM branching ratio, we
therefore obtain

BESII __ STCF _
Ny N,

=0.518, =1745.  (13)

We then derive the signal-event numbers with the
following expression:

Ng =Ny, -BR(J/w = ay') - e, (14)
where € is a selection-efficiency factor, defined as

Nyc

NMC Zedcc ' prompt €E ’ (15)

where Ny is the total number of MC simulation events,
€hee. 1s the acceptance efficiency (including |cos6,| < 0.8,
E, > 25 MeV, and the photon reconstruction efficiency of
99%) of the SM photon in the ith simulated signal event,
ef,mmpt is the prompt-decay probability defined in Eq. (8),
and ey = 1if E, > E}™(0,) and is zero otherwise.

The binary signal-selection factor eE should not be
confused with e§**. The former is applied to each
simulated signal event and implements the requirement

E, > E}™(0,), whereas the latter is a net event-level
migration probability applied only to the reducible three-

photon background. Since elfyak includes reconstruction of

the surviving tag photon, no additional factor of 0.99 is
applied to the three-photon yields.

We have also compared the normalized photon-energy
and polar-angle distributions of the signal and the irreduc-
ible background after the kinematic selections above are
imposed. The distributions substantially overlap over most
of the parameter space, with the angular distribution
providing little discrimination; some separation in E,
appears only when the heavier new state approaches the
kinematic limit, owing to the mass-dependent lower end
point of the signal spectrum. We therefore retain an
inclusive event-counting analysis for the sensitivity pro-
jections, while noting that a dedicated detector-level binned
analysis could exploit this high-energy region and side-
bands to reduce the dependence on the absolute back-
ground normalization.

In the following section, we present the estimated
exclusion reach for BESIII and the projected sensitivity
for STCF. For an experiment X = BESIII, STCF, let Ny tag
denote the number of truth-level resolved three- photon
events for which at least one photon satisfies the full tag
requirements given in Appendix B, before detector-induced
leakage. We then define the included benchmark back-
ground as

By = NX + ege;kNg"‘;%X. (16)

For each leakage benchmark, we adopt the following
approximate phenomenological 95% confidence-level (CL)
signal-yield criterion,

NPy = max (3,2+/By). (17)

The 2,/By term accounts only for statistical counting
fluctuations in the Gaussian approximation, while the
three-event floor is retained in the low-background regime.
At each fixed value of e'eak By is treated as exactly known.

Background- normahzatlon uncertainties associated with
B(J/w — yuvp), the three-photon production rates, and
the detector-dependent leakage probability are not included
or profiled. The resulting curves should therefore be
interpreted as optimistic phenomenological benchmarks
rather than full detector-level expected limits. The corre-
sponding values are listed in Appendix B.

IV. NUMERICAL RESULTS

In Fig. 4, we present the estimated exclusion reach in the
coupling G, as a function of m, for m, < m, (the left
plot) and of m, for m, < m, (the right plot), for the full
BESIII dataset already collected (red) and the projected
STCF sample (blue). The results of the BESIII experiment
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FIG. 4. Exclusion reach from the existing BESIII dataset and projected sensitivity of STCF to G, as a function of m, for m, < m,
(the left panel) and of m,, for m,, << m, (the right panel). The present upper bounds are displayed in the gray area, obtained from the
beam-dump experiments CHARM [32,38,55,56] and NuCal [38,57,58], as well as the et e~ colliders BABAR [32,59], LEP [39,60,61],
and LEP2 [39,62]. Projected future limits at Belle II with 50 ab™! [32,39] are also shown. All BESIII and STCF curves impose the

prompt-decay requirement Lge. < Lprompe = 1 cm. All the accelerator constraints and projections shown here are based on single-

photon signatures. Red and blue curves correspond to BESIII and STCF, respectively. For each experiment, the solid, dashed, dash-
dotted, and dotted curves denote 6133;’1‘ =0,107°10"%,1073, respectively.

correspond to the ~10' J/y events that have been

collected, and those of STCF are for N?%/:F = 3.4 x 102

expected for an integrated luminosity of 1 ab™! that can be
accumulated with only one year’s operation. Future pro-
jections at Belle II with an integrated luminosity of 50 ab™!
are also shown (the magenta curve) [32,39].

The two mass hierarchies exhibit similar qualitative
behavior. With increasing mass, the sensitivities of BESIII
and STCF are enhanced initially, and then enter a plateau
phase, before deteriorating rapidly near the kinematic end
point. At small masses, the heavier particle tends to have a
relatively long lifetime, so that its probability of decaying
within Ly, = 1 cm of the interaction point is suppressed,
weakening the sensitivity. As its mass increases, the lab-
frame decay length decreases and the prompt-decay prob-
ability approaches unity, producing the plateau behavior
shown in the figure. Finally, for even larger masses
approaching m; ., the phase-space suppression effects begin
to dominate, strongly impairing the sensitivities.

In the zero- and small-leakage benchmarks, BESIII and
STCF can probe portal couplings beyond the existing
bounds in part of the parameter space. The precise improve-
ment over current constraints and over the Belle II
projection becomes progressively weaker for larger leakage
probabilities and therefore depends on the detector perfor-
mance. This advantage is primarily driven by the resonant
production and the large samples of J/y mesons available
at BESIII and STCF, whereas the Belle I study relies on the
nonresonant continuum process ete~ — ay’ [32].

The zero-leakage curves should be interpreted as ideal-
ized best-case sensitivities. As e‘ffk increases, the large
underlying three-photon rate raises the required signal yield
and progressively weakens the coupling reach.

In Fig. 4, we have assumed either m, < m, or
m, < m,. If the mass of the lighter particle approaches
that of the heavier one, the sensitivities weaken as a result
of the reduced phase space in the decay of the heavier
particle.

V. CONCLUSIONS

In this work, we have investigated the sensitivity of the
existing BESIII dataset and the future STCF collider to the
dark axion portal, via J/y decays into an axionlike particle
and a dark photon. The resonant production of the J/y
mesons at the COM energy of /s = 3.097 GeV leads to
enhanced production yields of the signal events and hence
to strong sensitivity reach. Concretely, for BESIII, we
consider N}79M = 10087 x 10° corresponding to the J/y

meson events that have been collected, while for STCF, we
take N3] = 3.4 x 10'* corresponding to an integrated

luminosity of 1 ab™".

We have performed Monte Carlo simulations to estimate
the signal acceptance and have included both the irreduc-
ible J/yw — yuvw background and a benchmark estimate of
the three-photon reducible backgrounds.

The kinematic requirement based on Eq. (9) provides an
idealized veto but does not guarantee complete rejection in
a realistic detector. We therefore parametrize migration of
taggable three-photon events into the mono-photon signal
region by the net event-level probability e§*. For
0 < €5 <107, the included irreducible-plus-three-pho-
ton background ranges from approximately 0.52 to
2.48 x 10* events at BESIII and from 174.5 to 8.11 x 10°
events at STCF. The zero-leakage curves represent the
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idealized best-case benchmarks, while the finite-leakage
curves quantify their dependence on the detector performance.

A reliable determination of the event-level three-photon
leakage probability elf;‘k, together with separate estimates of
the Born-level two-photon, unresolved 2y(+y), radiative-
Bhabha, and other detector-dependent backgrounds, will
require collaboration-level full simulations and data-driven
control samples.

We have presented the exclusion reach associated with the
existing BESIII dataset, together with the projected sensi-
tivity of STCF, at 95% CL, considering either m, < m, or
m, < m,. Our numerical results indicate that within the
zero- and sufficiently small three-photon-leakage bench-
marks, the existing BESIII dataset could probe parameter
space beyond current bounds, while STCF could substan-
tially extend this reach. The comparison with Belle II
becomes progressively less favorable as the leakage prob-
ability increases. The favorable reach in the small-leakage
regime is primarily driven by resonant production and the
large samples of J/y mesons available at BESIII and STCE.
Thus, this work illustrates the potential constraining power
of the tau-charm factories on new-physics scenarios predict-
ing new particles arising from rare decays of the J/y meson.
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APPENDIX A: ANALYTIC EXPRESSIONS OF
DIFFERENTIAL DECAY RATES OF J/y IN
BOTH SIGNAL AND BACKGROUND PROCESSES

We consider both unpolarized and transversely polarized
J/y mesons.
For the signal process J/w — ay’, the differential decay

arr(J/w—ay) -

rate of a transversely polarized J/y meson, =/ 7=, is
a

given by2

2As mentioned in Sec. I, we ignore the Z-boson contributions
to the signal process in this work since we study low-energy e™ e~
collider experiments BESIII and STCF.

2 2
dFT(J/V/ - ay’) _ afJ/wGaw’

= 1 +cos*8,)
5 ( a
dcos@, 144’"1/1//

32(p2 2 2
x 2212(m3,,,, mg, m?)

3
=T{J/y — ay’)g (1+cos?0,), (Al)
where we have averaged over the two transverse helicity
states by taking a factor 1/2 and used Eq. (2).
For an unpolarized J/w meson, the differential decay

rate %{ég’”/) is independent of cos @, and is simply,
dU(J/y = ay)) _TU/w = ay')
= . A2
dcosé, 2 (A2)

For the background process J/yw — yuw, the double
d’T'r(J [y—=yvD)

differential decay rate dE, dcos,

for one generation of

the neutrinos reads

JZFT(‘I/W - }/IJZ_/) — aG%h//J/I//(OMZQ%
dE,d cos 0,

E (3my;,, —4E
4”2m1/w 7( J/y Y

+ (4E, —my,) cos*0,), (A3)
where G is the Fermi constant and the nonperturbative
parameter v, (0) is related to the f,,, by the following
relation, which we have derived from Eq. (13) of Ref. [63]:

[N,
fJ/y/ =-2 l//J/v/(0>7
My y

where N, = 3 is the color factor of quarks. Similar to
Eq. (A1), we have averaged over the two transverse helicity
states in Eq. (A3).

For an unpolarized J/y meson, we find

(A4)

dU(J/y — yvp) _4aGilwy, (0)]° Q2

E,(m;,, —E,),
dE, 3”2’"!/1// y( IIw y)

(AS)

for one generation of the neutrinos. Equation (AS5) is in
agreement with Eq. (10) of Ref. [64].3

APPENDIX B: BENCHMARK ESTIMATE OF
REDUCIBLE THREE-PHOTON BACKGROUNDS

We consider three sources of reducible three-photon
background to the mono-photon search: (i) the continuum
QED process eTe™ — 3y; (ii) the resonant cascade proc-
esses ete™ = J/y — yP, followed by P — yy, with

SWe note, however, in Ref. [64], a factor of 4 is missing in its
Eq. (7) for the expression of the matrix element of J/y — yuo.
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P=7n1n,n.; and (iii) the direct resonant process
ete™ = J/w — 3y. A truth-level three-photon event from
any of these sources is classified as taggable if at least one
of its photons satisfies

lcosf,| <08, E,>25MeV, E,>E}™,). (BI)
This is an event-level selection: each event is counted at
most once.

For the continuum contribution, we generate
ete” — 3y at leading order at /s =3.097 GeV with
MadGraph5_aMC@NLO [65,66], using the full SM imple-
mentation and the physical electron mass m, =
0.511 MeV. Each of the three generated photon is
required at generation level to satisfy E, > 25 MeV. No
generator-level angular cut is imposed; in particular,
photons with [cos §,| > 0.95 are thus retained. The physi-
cal electron mass regulates the initial-state collinear
enhancement. We obtain

o5en = 63.6 nb,

Aot = 0.1028,  (B2)

and therefore,

O-tcao%lt = afggtAcom = 6.54 nb. (B3)
Here, A, denotes the event-level taggable acceptance
under the truth-level selections defined above.

For the continuum contribution only, we further classify
the selected events according to Ny,q, defined as the
number of the two non-tag photons satisfying
|cos@,| > 0.95. If several photons satisfy the full tag
selection, the highest-energy one is chosen as the tag.
We obtain

Ntwa | 0 1 2
fraction of tagged events 23.38% 76.62% O
O (Ngya) (0] 1.53 501 0

The Ny,g = 1 category matches the topology with one
additional photon lying outside the detector boundary and
the other evading the detector veto. For Nyq = 0, both
additional photons must evade the veto. No Ny,q = 2 event
survives the ideal kinematic requirement.

For the resonant cascade modes J/w — yP, P — yy,
with P = 7% n,#, 5., we use the transverse J/y angular
distribution proportional to 1+ cos?>@ and generate the
pseudoscalar decay isotropically in the P rest frame. The
direct J/w — 3y contribution is modeled with a trans-
versely polarized version of the lowest-order Ore-Powell
matrix element [67,68], analogous to the ortho-positro-
nium-based signal model used in the BESIII analysis [69].
The resulting acceptances and effective branching fractions
are summarized in Table 1.

TABLE 1. Kinematic acceptances and branching-ratio-
weighted acceptances for the resonant three-photon backgrounds.
The branching ratios are extracted from Ref. [47].

Channel A BR painA

ya° with 70 — yy 0.73 246 x 1073
yn with n — yy 0.76 326 x 107
vy’ with ' = yy 0.80 9.80 x 1073
M. with 7, = yy 0.81 3.14 x 107¢
direct 3y 0.86 9.97 x 1076

The cascade sum is
R,p = BR(J/y = yP)BR(P — yy)Ap = 4.52 x 107,
P
(B4)
while the direct contribution is
Riires = BR(J/y = 3y)A;, = 9.97 x 1076, (B5)

Here, Ap and Aj, denote the corresponding event-level
taggable acceptances for the cascade and direct three-
photon samples, respectively.

For experiment X (BESIHI/STCF), the number of
taggable three-photon events before detector-induced
leakage is

Ngj/g,x = [:Xatc?)gnt + NJ/I[/.X(R}’P + Rdirect)' (B6)
Using ‘CBESIII = 3.083 fb_l [54], ‘CSTCF =1 ab_l [43],

NP =1.0087 x 10'%, and NJICF = 3.4 x 10", we

obtain

Niyrgesm =248 x 107, N3fgrep=8.11x10°.  (B7)

We define €5 as the net event-level probability for a
taggable three-photon event to be reconstructed in the
exactly-one-photon signal region. It is applied once to each
event,

Nt = el N2, (B3)

Because this probability includes reconstruction of the
surviving tag photon, no additional factor of €, = 0.99 is
applied to N7y

The signal-event thresholds in Table II are evaluated
using Eq. (17) and account only for statistical counting
fluctuations. Background-normalization uncertainties are
not included.

The continuum and resonant contributions are added
incoherently, and interference effects are neglected.
The continuum result corresponds to a generator-level
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TABLE II.  Included benchmark background yields and signal-
event thresholds for the four event-level three-photon leakage
benchmarks.

Experiment €136;1k B NP

BESIII 0 0.518 3
1076 25.3 10.1
10~ 248 x 103 99.6
1073 248 x 10* 315.0

STCF 0 174.5 26.4
1076 8.28 x 103 182.0
10~* 8.11 x 10° 1800.8
1073 8.11 x 10° 5694.0

three-photon sample defined by the requirement E, >
25 MeV for each photon. The Born process ete™ — 2y
is not included. Configurations containing an additional
photon below this generation-level energy cutoff, referred
to here as unresolved 2y(+y) backgrounds, are likewise not
included. Their detector-induced migration is not described
by 613‘“';1‘ and would require a separate detector-level leakage
estimate. We also do not include radiative-Bhabha back-
grounds, higher-order QED corrections, detector-response
or background-normalization systematic uncertainties, or
correlations among inefficiencies. Accordingly, the values
of 613";“‘ should be regarded as detector-performance bench-
marks rather than predictions. Their determination requires
full detector simulations and data-driven control samples.
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