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Abstract: We study the search prospects for long-lived heavy neutral leptons (HNLs) pair-produced in decays of

axionlike particles (ALPs) at the proposed Super Tau—Charm Facility (STCF), focusing on a center-of-mass energy

of /s =3.773 GeV. The ALPs are assumed to originate from D*-meson decays in association with a charged pion.

We perform both truth-level and detector-level Monte Carlo simulations and determine the expected sensitivity to

the mixing parameter between the HNL and the electron neutrino, |V,y|?, using a displaced-vertex search at STCF.

We find that STCF can probe values of |V,[> approximately one to two orders of magnitude beyond existing bounds.

We also perform an approximate reinterpretation of a search for HNLs at the CHARM experiment, which is subject
to model-dependent assumptions about the production and kinematic distributions, and find that beam-dump experi-

ments may provide strong complementary constraints.
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I. INTRODUCTION

In recent years, the search for new physics in the form
of long-lived particles (LLPs) has become an important
direction in particle physics [1—6]. This development is
motivated partly by the absence of discoveries of heavy,
promptly decaying new fundamental particles and partly
by the rich motivations often associated with models pre-
dicting such LLPs, including explanations of non-vanish-
ing neutrino masses or dark matter.

Among the many possible theoretical scenarios in
which LLPs naturally arise, a class of portal-physics
models is often studied, perhaps because these models
serve as representative toy models of ultraviolet comple-
tions and predict rich phenomenology at various terrestri-
al experiments. Such portals include heavy neutral
leptons (HNLs) [7-9] (see also Ref. [10] for a review), a
pseudoscalar boson such as an axion or axionlike particle
(ALP) [11-17], a dark scalar [18—23], and a dark photon
[24—29]. Examples of scenarios involving more than one
such portal include the dark axion portal [30], which pre-
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dicts both an ALP and a dark photon; the hidden Abelian
Higgs model [19, 31], which contains both an additional
scalar and a dark photon; and an ALP-HNL portal
[32-34].

1
HNLs are hypothetical spin—i particles that are sing-

lets under the Standard-Model (SM) gauge group. They
mix with active neutrinos and are highly motivated as an
explanation of nonzero neutrino masses through the type-
I seesaw mechanism [35—39] or various low-scale seesaw
mechanisms [40—43], and as dark-matter candidates
[44—51] if their masses are in the keV range. On the oth-
er hand, the QCD axion was originally proposed as a
pseudo-Nambu-Goldstone boson arising from the spon-
taneous breaking of a global U(1)pgy symmetry to solve
the strong CP problem [11]. More generally, ALPs ap-
pear ubiquitously in extensions of the SM, where their
masses and couplings are largely independent parameters.
They are closely connected to the strong CP problem
[11], dark matter [52—55], and the hierarchy problem
[56]. UV completions that predict ALPs include string
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compactifications [57, 58], Froggatt-Nielsen models of
flavor [59, 60], and supersymmetry models [61].

In this work, we focus on the ALP-HNL portal and
perform a phenomenological study. In the ALP-HNL
portal model, ALPs and HNLs can couple to each other,
leading to phenomenology more complex than that
arising from simple, single-portal scenarios. Previous
phenomenological analyses of this model scenario have
studied ALPs produced in heavy-scalar decays [34], elec-
troweak processes [62], gluon fusion [62—64], meson
mixing [65], and meson decays [66, 67], in collider or
beam-dump experiment settings where the ALP further
decays into a pair of HNLs; they have also studied the
same new particles in the contexts of cosmology [68, 69]
and dark matter [70].

In particular, for meson decays, one may assume tree-
level quark-flavor-violating (QFV) couplings that lead to
ALP production in association with another meson. Such
QFV couplings are predicted in UV completions such as
DFSZ- and KSVZ-type axion models [71-78]; see also
[79—84] for additional possibilities. The quark-flavor-di-
agonal couplings can be suppressed in, for example, the
astrophobic axion model [77] and several Froggatt-
Nielsen model variants [72, 75, 85]. In this phenomenolo-
gical analysis, we remain agnostic about the origin of the
particular quark-flavor structure of the ALP that we as-
sume and treat the ALP QFV couplings as independent
parameters. For previous phenomenological studies in
this direction, see, e.g., Refs. [81, 86—92].

We study ALPs that are produced in rare decays of
charm mesons and subsequently decay promptly into a
pair of long-lived HNLs, and estimate the search pro-
spects for such long-lived HNLs at the proposed Super
Tau—Charm Facility (STCF) [93, 94] in Hefei, China.
STCF is planned to collide an electron beam and a
positron beam at center-of-mass (COM) energies +/s
between 2 GeV and 7 GeV with symmetric beam ener-
gies. We restrict our analysis to the mode with
Vs =3.773 GeV, leading to resonant production of D*D~
pairs. The ALPs can originate from the decays of charged
D mesons in association with a charged pion and then de-
cay promptly into a pair of long-lived HNLs. To estimate
the reconstruction efficiencies of displaced vertices
(DVs) arising from the decays of the long-lived HNLs,
we perform both fast Monte Carlo (MC) simulations at
the truth level and dedicated MC simulations at the de-
tector level with the OSCAR framework [95-98], which
is based on GEANT4 [99, 100] and dedicated to realistic
STCF-detector simulations. Taking into account the
present bounds on the model parameters, we determine
the sensitivity reach of STCF to long-lived HNLs in
terms of the mass and mixing parameters.

This paper is organized as follows. We first introduce
our model setup in Sec. II and then provide the details of
our truth-level analysis, along with a background discus-

sion, in Sec. III. In Sec. IV, we explain the detector-level
analysis within the OSCAR framework. The numerical
results are provided in Sec. V, and we summarize the pa-
per in Sec. VL.

II. THEORETICAL FRAMEWORK

We work within an effective framework for an axion-
like particle, defined as follows [34, 62, 70, 81, 88, 90,
101, 102]:

L, =

1 1 0,a _
3 o.adta— Emﬁaz + % zq: lzj:g?ﬂiyﬂq/'

da —
+%gNN’y'u’)/5Na (1)

where a is a CP-odd ALP with mass m,, N denotes the
HNL, A is the effective cutoff scale, and g labels the
quark fields wu;, ug, dp, and dg, with generation indices
i,j=1,2,3.

In Eq. (1), the couplings g/, and gy are dimension-
less. Meson decays P — P’/Va, where P and P’ denote
pseudoscalar mesons and V' denotes a vector meson, can
be induced by a non-vanishing coupling g/; with i # j. In
this work, we restrict our analysis to the flavor indices
(2,1) in the up-type quark sector. With the coupling
g4 = g +g4 (g4 = g4 —gb), charm mesons decay in-
to an ALP and a pseudoscalar (vector) meson. Specific-
ally, a nonzero g5 coupling can induce the charm-meson
decays D’ — n°/n/n’ a, D* —>n*a, and D' — K*a. By
contrast, the g4; coupling can lead to D°— p°/wa,
D* — p*a, and Df — K**a. We assume that either g3 or
8> vanishes, so that both P — P’ and P — V transitions
occur through a single coupling; in the following, we de-
note the single non-vanishing ALP-quark coupling by
g5, For the numerical analysis, we focus on the decay
D* — n*a and its charge-conjugate channel, as our theor-
etical evaluations indicate that these channels provide the
dominant decay mode for ALP production. The sensitivit-
ies can be enhanced by including the other channels.

In the remainder of the paper, we denote the coupling
that induces the decay D* — n*a by g4,. All other ALP
couplings to quarks are assumed to be zero.

The decay rate of D* — n*a can be computed using
the following formula [81]:

_ |g§,1 §
T 64nA2

m2\" L, (m m
t /2 t a
X (1 - T) /l ( ) ) s (2)

mp+

+ + 2
F(D+ —>71+a) ‘Fé) T (ml)| my.

where A(x,y)=1+x*+y*-2x—2y—2xy and mp: )+ de-
notes the mass of the D*/n* meson. FY™>" is the D -«
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transition form factor [103], which we extract from Ref.
[104]. To calculate the branching ratio of D* — nta,
Br(D* — n*a), we divide I'(D* — n*a) by the measured
total decay width of the D* meson [105].

We derive the current bound on g, /A from the exist-
ing limits on the decay branching ratio of D°— n%v,
since in our theoretical setup the ALP decays exclusively
into a pair of long-lived HNLs, which are typically unob-
served in the main detector. For D° — #%v¥, which is a
three-body decay, we assume that the kinematics do not
differ substantially from those of the two-body decay
D — na that would arise from the g4, coupling. Using
Eq. (2), we derive g4 /A <2x107* TeV™' (see also Ref.
[90]) based on the current upper bound obtained by BE-
SHI [106]. In our numerical analysis, we restrict
ourselves to two representative values of m,, 1.4 GeV
and 1.6 GeV, and set g4, /A to its upper bound, 2x107*
TeV™'. Since we study HNL pairs produced in ALP de-
cays, the HNL mass can therefore be at most 0.8 GeV in
this work.

In the m, range of interest, the ALP decays domin-
antly into a pair of HNLs with the decay width

2
dmy

2
ma

1 rgnNe s,
F(a—>NN)—5<X) mym, 1-

3)
where my is the HNL mass.

We emphasize that, in this work, we assume that the
HNL A is Majorana in nature, that only one HNL is kin-
ematically relevant, and that it mixes exclusively with the
electron neutrino.

For the numerical analysis, we fix gy/A at 1073
GeV' as a benchmark value, satisfying the perturbativity
requirement gymy/A < 1. Thus, in the m, and my ranges
of interest, the ALP decays promptly unless my =0 or
my ~m,[2 [66, 67]. If gy/A is orders of magnitude smal-
ler, the ALP would become long-lived, thereby weaken-
ing the sensitivities; see Ref. [66], where this effect was
studied. In addition, for a different value of gy/A, our
results remain unchanged as long as the ALP decays
promptly and exclusively into a pair of long-lived Major-
ana HNLs.

The HNL N participates in the SM weak interactions
through mixing with the active neutrinos

Ly =% Z Van Ly PLNW,

g Lyrs AT
+ E VvV NY'Pv,Z,, 4
2cos By — aVanNY PLviZ, “)

where g denotes the SU(2) gauge coupling, V,y is the
mixing parameter between N and the active neutrino v,,
with @ =e,u,7, € is an SM charged lepton, P, is the usu-
al left-chiral projector, W and Z are the W- and Z-bosons,

6w denotes the weak mixing angle, and V% is the neut-
rino mixing matrix in the left-handed sector between the
flavor eigenstate v, and the mass eigenstate v;, with
i=1,2,3.

We consider only two parameters within the pure
HNL sector: my, the mass of N, and V,y, its mixing
strength with the electron neutrino. In the my range of in-
terest, HNL decays can be well described by two-body
decays alone. Thus, for the HNL decay, we need only
compute the two-body decay widths at tree level, follow-
ing Ref. [107].

We focus on the range 0.2 GeV <my <0.8GeV. In
this mass range, the existing bounds are dominated by
beam-dump experiments: PIENU [108], KENU [109],
CHARM [110], NA62 [111, 112], T2K [113], and BE-
BC [114]. These bounds were obtained for HNLs in min-
imal scenarios in which the HNLs do not couple to any
beyond-the-Standard-Model (BSM) particles. However,
some of these searches are applicable to our theoretical
scenario, namely the CHARM [110] and BEBC [114]
searches. These two searches obtained similar bounds in
the mass range of interest, and we reinterpret the bounds
from the CHARM search [110] in our model. Rather than
performing a full recast based on MC simulations, which
would be difficult, we follow the simple and rapid rein-
terpretation method based on rescaling proposed in Ref.
[92]. We note that this approach provides approximate
rather than precise results.

In Fig. 1, we show both the HNL c¢7 as a function of
my for |Vy[?> = 1 (left) and a Feynman diagram of our sig-
nal process, D* — n*a followed by a —» NN (right). We
note that cr is proportional to 1/|V,y[>. The left panel
shows that the HNL can be long-lived if my or |V,y|* is
small. The right panel illustrates the signal process con-
sidered here, in which the ALP is on-shell and decays
promptly.

III. TRUTH-LEVEL ANALYSIS AND BACK-
GROUND DISCUSSION

The Super Tau—Charm Facility is a next-generation
e*e” collider proposed for construction in China. It is de-
signed to achieve a peak luminosity of 0.5x 103 cm™2s7!.
A key feature of STCF is its capability to perform energy
scans over the COM-energy range of 2—7 GeV, provid-
ing extensive opportunities to search for BSM physics in
the tau—charm energy region. In particular, as a dedicated
charm-meson factory operating at the ¥(3770) resonance,
STCF is expected to produce approximately 2.8x 10°
D*D~ meson pairs with an integrated luminosity of 1 ab™"
collected in a single year of operation. This yield is ap-
proximately two orders of magnitude larger than that of
BESIII [115].

STCF comprises multiple subdetectors, including the
Inner Tracking system (ITK), the Main Drift Chamber
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Fig. 1.

a — NN, mediated by the couplings g4, /A and gy/A, respectively.

(MDC), the DIRC-like Time-of-flight detector for
particle identification, and the Electromagnetic Calori-
meter [93]. For charged particles in the momentum range
relevant to this study (as discussed below), particle identi-
fication and track reconstruction are primarily performed
by the ITK and MDC. Therefore, in the phenomenologic-
al analysis, we restrict the geometric acceptance to these
two subdetectors by requiring the HNLs to decay within
this region; in addition, further geometric constraints are
imposed to suppress background contributions. Specific-
ally, the geometric coverage of the ITK and MDC can be
approximated as -140cm<z<140cm and 6cm<
r < 85 cm, where z and » denote the longitudinal and radi-
al decay positions of the HNL, respectively. Moreover,
near the interaction point (IP), prompt tracks, soft
particles, and their multiple interactions with the detector
material can generate numerous detector responses, mak-
ing particle identification and track reconstruction chal-
lenging in this region. To suppress these potential back-
grounds, we require —140cm <z<140cm and 10cm <
r < 85 cm as our fiducial volume.

Through mixing with the electron neutrino, HNLs can
decay into a variety of SM final states. In general, a high-
er fraction of charged particles in the HNL final states
leads to more precise DV reconstruction and improved
invariant-mass (M, ) resolution, thereby enhancing back-
ground suppression. Therefore, we restrict our analysis to
channels that contain at least two charged particles and do
not involve significant missing energy: (1) leptonic

irv: e*u*v,, e*e v, u"uv,,and (2) semi-leptonic e*M* :
e*n*, e*pT, e*K*. We plot their branching ratios as func-
tions of my in Fig. 2.

N
IN|
A
// N
a.’
95,1 //
AL
c > >
DT ot
d < <

(color online) Left: ¢t as a function of my for V> = 1. Right: Feynman diagram illustrating the decays D™ — n*a and

We select the D™ -meson produced in the decay of
w(3770) as the tagging side and fully reconstruct it
through SM decay channels (single tag) to suppress the
qq continuum background. Its kinematic properties
provide constraints on the signal process on the opposite
side. On the signal side, we search for the proposed pro-
cess associated with the D*-meson. A single ALP pro-
duced on the signal side can decay into two HNLs, which
may, in principle, both decay visibly within the detector
acceptance. In practice, the presence of a single DV is
generally sufficient for effective background suppression,
and the additional background rejection provided by the
single tag further strengthens this suppression. Therefore,

0.7F T T T T B
0.6f
g 05p N = v p~
ED — N = vete
::5 0.4F — N =y’
< —\ — N —efr?
T oosp | — yoexe
Z N — etpt
= 02p — Total ]
m
0.1p 1
00 J 1 1 1 1 ]
0.2 0.4 0.6 0.8 1.0
my (GeV)
Fig. 2. (color online) Decay branching ratios of NV into final

states containing at least two charged particles as functions of

My.
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reconstructing only one HNL on the signal side is con-
sidered sufficient to identify the event as a signal process.

After applying the selections described above, we ex-
pect the dominant remaining background to arise from
photon conversion, which is difficult to suppress using
the same strategy as that employed for backgrounds ori-
ginating near the IP. Despite imposing a stringent geo-
metric requirement » > 10 cm, together with the DV con-
straint and the single-tag strategy, reconstructing only one
HNL on the signal side remains susceptible to contamina-
tion from photon-conversion backgrounds. Therefore, we
exclude all leptonic channels, including e*e v,, utuv,,
and e*u*v,, because they can be directly affected by the
misreconstruction of lepton pairs originating from
photon-conversion processes (y — e*e™ /utu”).

For the STCF COM energy considered here (/s =
3.773 GeV), and taking into account initial-state radiation,
the produced D*- and D~ -mesons have energies approx-
imately in the range 1.870—1.885 GeV. The momentum of
the 7*-meson from D*-meson decays (D* — n*a) is re-
quired to be at least 0.1 GeV to penetrate a sufficient
number of layers in the MDC and produce reconstruct-
able tracks. Therefore, we require the ALP mass to be be-
low 1.6 GeV, which further implies that the HNL mass
must be less than half of the ALP mass, specifically be-
low 0.8 GeV. Furthermore, an ALP with a mass m, be-
low 1.0 GeV would make the HNLs pair-produced from
ALP decays kinematically incapable of decaying into
e*K™, a scenario that we intend to avoid. Therefore, we
constrain the m, range to 1.0-1.6 GeV. Specifically, the
upper bound of 1.6 GeV and a slightly lower value of
1.4 GeV are selected as benchmark points. In addition, to
avoid excessively soft charged particles in the HNL de-
cay final states, which would degrade the reconstruction
efficiency, we impose a lower bound on the HNL mass of
0.2 GeV. Consequently, the range of my is set to 0.2—
0.8 GeV.

In Fig. 2, we observe that near 0.8 GeV, the opening
of the e¢*p™ channel leads to a turning point in the total
branching ratios, while the branching ratio of the e*n*
channel begins to decrease more rapidly. Within the HNL
mass range of interest, 0.2—-0.8 GeV, the e*n* channel
clearly dominates among the semi-leptonic final states.
Therefore, for semi-leptonic modes, we select only the
e*n™ channel as the signal final state of the HNL. Accord-
ingly, the final-state particle combination considered in
this work is n*e*n*. Its physical background can arise
only from D* — n*n~e*v,, which can be readily rejected
by the displaced-vertex requirement, as discussed above,
rendering this a very clean final state. We anticipate that,
ina realistic detector environment, additional back-
grounds, such as combinatorial backgrounds or fake-track
backgrounds, may still be present; these will be dis-
cussed in the next section.

In addition, the MDC of the STCF detector adopts a

superlayer wire configuration similar to those of Belle 11
and BESIII. Such a structure causes the detector effi-
ciency for reconstructing charged-particle tracks and per-
forming particle identification (PID) to gradually de-
crease as the particle production point moves away from
the IP, with this effect being particularly pronounced for
increasing radial production positions 7. In this phe-
nomenological analysis, to account for this decrease in
detector efficiency, we model it using a linear function as

r

1- , 10cm<r<85cm,
85cm (5)

0, otherwise.

L(r) =

This approach has been used in Refs. [67, 83,
116—119]. In the next section, we present an improved,
dedicated detector-level analysis to estimate the relevant
effects.

In the phenomenological analysis, we use a fast MC
simulation program with phase-space decays to generate
truth-level kinematic information and evaluate the signal
acceptance. Specifically, the kinematic properties of the
HNL are generated through a cascade decay chain and
subsequent boosts into the laboratory frame. The decay
probability is then determined from its proper decay
length (c7) to assess whether it decays within the fiducial
volume. Using this procedure, we scan the HNL mass
over the range 0.2-0.8 GeV and its proper decay length
ct over the range 10°-10'""m. The final expression for
the expected number of signal events N;, incorporating
both the geometric acceptance and the linear efficiency
function L(r), is given by

_ E i i
NS_Z'ND+D" Brlag'Emg
i

-Br(D* = n*a)-Br(a » NN)-Br(N = e*n%) - €/pv,

(6)
where
Nmvc
_ 1DV 1DV ID 1DV
€lpv = N ,Z:]: (PN,;] -(1 —P,\,‘_v2 )+PNL2 -(1 _PN,-_1 >,
(7N
5cm
L R ®)
Nt T RN, 2N j :

Here, Np:p- is the total number of D*D~ pairs produced
for an integrated luminosity of 1ab™', and > ;Bri, - €l
denotes the sum over all SM decay channels suitable for
fully reconstructing the tagging-side D~ meson, with each
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channel weighted by its corresponding single-tag effi-
ciency. The factor of 2 accounts for the two D mesons in
each signal event. Using the single-tag D*D~ production
events reported in Ref. [93], we estimate a total tagging
efficiency of approximately 19.64%. Br(a— NN)=
100%. Nyc in Eq. (7) is the total number of MC-simu-
lated events. The final integral in Eq. (8) simultaneously
incorporates the linear efficiency function L(r) and the
decay prok;vability within the fiducial volume. RY” =

Bryer = %CT is the HNL transverse decay length in

the laboratol\i'y frame, where j=1,2 denotes the two
HNLs produced from the ALP decay. In addition,
Zn,; = reotfy,; is the longitudinal decay position of the
HNL, with r denoting the transverse decay position and
the HNL polar angle. The function A(z) is introduced to
impose the longitudinal fiducial-volume constraint,
defined as

1, -140cm <z< 140 cm,
Az) = ©
0, otherwise.

IV. DETECTOR-LEVEL ANALYSIS WITH
OSCAR

To simulate more accurately the dependence of the
detector efficiency on the radial production position r
presented in Sec. III, we employ the SNiPER-based
OSCAR framework, which was specifically developed
for STCF offline data analysis. OSCAR enables the gen-
eration of physical events, simulation of detector re-
sponses, event reconstruction, and analysis of the signal
process.

During the event generation and simulation phase, we
employ the KKMC generator [120, 121] to simulate e*e”
collisions and produce the y(3770) resonance. We use the
StcfEvtGen module to handle the production and decay
processes of charm mesons in both the signal and tag
channels.

In the phenomenological estimation of the total tag-
ging efficiency discussed in the previous section, all
known decay channels of the D~ mesons listed in Ref.
[105] are taken into account. At the reconstructed level,
we use the channel D~ — K*n~n~ as a representative
benchmark for evaluating the reconstruction efficiencies
of the signal channel, motivated by its relatively large
branching ratio and clean charged final states. Assuming
that the signal-event reconstruction efficiencies are
largely independent of the specific tag channel chosen,
we include all tag channels in the numerical computation
of the signal-event yields and use the reconstruction effi-
ciencies of the D~ — K*n 7~ channel for each of them.

Finally, we select candidate particles, extract relevant
observables from kinematic properties, and apply selec-
tion criteria to identify signal events and compute the ef-
ficiencies.

In Table 1, we list the signal-event selection effi-
ciency cut flows for a benchmark point with m, =1.4
GeV and my =0.5 GeV, combining data samples with
¢t =1m, 5 m, and 10 m. On the tag side, in each event,
we select a set of charged-particle candidates by using
AE,, = Exzz — Eveam, the difference between the energy of
the system of promptly produced charged particles and
the beam energy Eye.m = 1.8865 GeV. Since the AE,,, dis-
tribution exhibits a sufficiently narrow peak, we impose a
+30 requirement around its central value, where
lo-=0.0045 GeV is obtained by fitting the AE,,, distribu-
tion with a Crystal Ball function. Subsequently, we com-
pute the beam-constrained mass Mpc = \/Ef.yn — |Pp-P
for each candidate combination and apply a +30- window
around the central value Mpgc = 1.8697 GeV to the event
yield, where 1o-=0.0011 GeV is obtained in the same
manner as for AE,,,. Here, pp- is the three-momentum of
all candidate particles used to reconstruct the D~ meson
in the COM system.

On the signal side, we first select charged particles
originating from DVs by requiring dy>0.4cm and
70 > 0.6 cm, which are the transverse and longitudinal dis-
tances, respectively, of the point of closest approach to
the IP. This requirement distinguishes displaced tracks
from candidate particles on the tag side as well as from
other prompt particles. We then require at least one dis-
placed 7 candidate and at least one displaced e candidate,
with the 7 and e carrying opposite electric charges. We
also require at least one promptly produced z with a
charge opposite to that of the tag-side D~ meson. Sub-
sequently, a AEg, variable, defined as the difference
between the energy of the displaced charged particles and
the beam energy, is used to further select these charged
particles and obtain a set of signal-side candidates;
however, no window requirement around the central
value of AE, is imposed. Finally, we require the trans-
verse momenta of both the displaced # and displaced e

Table 1.
ive selection efficiencies for m, = 1.4 GeV and my = 0.5 GeV,

The selection criteria and corresponding cumulat-

obtained by combining data samples with ¢r =1 m, 5 m, and
10 m.

selection criteria cut efficiency
AE —-0.014 GeV < AE,, < 0.013 GeV 46.10%
Myc 1.867 GeV < Mpc < 1.873 GeV 43.11%
PID;, NPOmP > |, Niplaced > | pydisplaced > | 3.66%
AEg, select candidate particle 3.66%
pr pr>0.1GeV 3.07%
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candidates to satisfy pr > 0.1 GeV to improve the n/e
separation capability and track-reconstruction precision.
The final signal is observed through the distribution of
the invariant mass M2 (me) reconstructed from the e
pair, as illustrated in Fig. 3 for m,=14 GeV and
my =0.5 GeV. We choose not to apply additional selec-
tions on M? (me), since doing so could potentially lead to
a loss of signal peaks in a real experimental analysis.

As shown in Table 1, after applying the PID selection
criteria on the signal side, the corresponding selection ef-
ficiency decreases significantly. This reduction is mainly
driven by the requirement that displaced pions and elec-
trons be identified in front of the MDC. Specifically, this
effect arises from both the decrease in detector recon-
struction efficiency with increasing HNL radial decay po-
sition » and the fact that some long-lived HNLs in our
event samples do not decay inside the fiducial volume.
Meanwhile, in Fig. 3, the full-selection sample does not
exhibit as significant a variation relative to the single-tag
selected sample as that shown in Table 1. This is because,
for events passing the single-tag selection but failing the
signal-side PID selection, the kinematic variable M2 (we)
is often not properly assigned in the analysis program and
therefore falls outside the displayed range of the horizont-
al axis.

In Fig. 3, we combine all event samples with ¢7 =1
m, 5 m, and 10 m. The black, blue, and red curves corres-
pond to the raw MC sample, the single-tag selected
sample (including the AE,, and Mjpc selections in
Table 1), and the final full-selection sample, respectively.
A peak is observed at M2 (me) = 0.25 GeV?, which cor-

mv

x10° i : : |
1.0F »\S}“Ciﬁ&j‘;xlgla\t}on —— Raw MC Sample |
s =3.773 GeV ) "
My = 1.40 GeV —— Single Tag (ST)
my = 0.50 GeV —— Full Selection

Events/(0.00056 GeV?)

3 03 O s
M2, (me) (GeV?)

mv

Fig. 3. (color online) Distributions of the squared invariant
mass of the we system for m, = 1.4 GeV and my = 0.5 GeV at
v5=3.773 GeV, obtained from OSCAR simulations. The
black, blue, and red curves correspond to the raw MC
samples, single-tagged samples, and full-selection samples,
respectively. Samples with ct =1 m, 5 m, and 10 m are com-
bined.

rectly corresponds to the HNL mass of 0.5 GeV. In the
low invariant-mass region of the raw MC sample, around
0.1 GeV?2, the invariant-mass distribution exhibits an an-
omalous enhancement. This is mainly because some low-
energy hits are reconstructed as fake tracks, which are
then incorrectly identified as e or z particles. Importantly,
the distributions show that, with the selection cuts im-
posed on the event samples, the signal peak around 0.25
GeV? becomes more pronounced and exhibits a more
Gaussian-like shape, with the tails on both sides decreas-
ing. Therefore, the application of our selection criteria ef-
fectively suppresses such misreconstruction.

Similar to the approach employed in our phenomeno-
logical analysis, we perform a scan over the HNL mass in
the range 0.2-0.8 GeV with a step size of 0.1 GeV.
However, we consider only three representative values of
ct approximately matched to the detector scale, i.e. 1 m,
5m, and 10 m, to ensure sufficient statistics of HNL de-
cays occurring within the fiducial volume. This choice is
motivated by the fact that the reconstruction efficiency
€ec(r,my,my) of the signal channel is intrinsically inde-
pendent of ¢ and instead depends on the ALP mass, the
HNL mass, and its radial decay position » within the
tracker. Thus, instead of parameterizing the reconstruc-
tion efficiencies in terms of |V,y|* or c7, we use efficien-
cies as functions of , which provide a more fundamental
characterization and enable a reliable estimate without
simulating prohibitively large event samples.

The reconstruction efficiencies e€..(r,m,, my) as func-
tions of the transverse decay position 7.,y relative to the
IP are shown in Fig. 4 for representative values of m, and
my. To obtain Fig. 4, we divide the fiducial volume into
radial bins of width 1.5 cm, covering the range
0Ocm < r <85 cm, i.e., the region between the IP and the
edge of the MDC. For each bin, we compute the ratio of
the number of reconstructed signal events to the number
of MC truth-level signal events. This ratio is defined as
the signal-event reconstruction efficiency at the bin cen-
ter and is shown as a point in Fig. 4.

In this numerical simulation, we use benchmark ct
values of O(1) m, which are comparable to the detector
length scale, to obtain large statistics for HNL decays
within the fiducial volume. However, with this choice,
the probability of both HNLs decaying inside the fiducial
volume is non-negligible. Thus, when evaluating the re-
construction efficiency for one of the two HNLs pro-
duced in ALP decays, we require the other HNL to decay
outside the entire fiducial volume to avoid contamination
from decays occurring outside the tested bin region. This
requirement is consistent with Eq. (7), which is used in
our phenomenological analysis. Note that, in computing
this efficiency, we select all HNL decay events within the
unit volumes that pass the tag-side selection criteria, in-
cluding those on AE,,, and Mpc.

We observe that the reconstruction efficiencies are re-
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(color online) Reconstruction efficiencies .. as functions of the transverse decay position from the IP, ryey, for m, = 1.4

GeV (left) and m, = 1.6 GeV (right). For each benchmark ALP mass, the efficiencies are shown for representative HNL masses.

latively low at small rgecay, reach a maximum at interme-
diate radii, and then gradually decrease at larger recy.
The suppression at small 74,y originates from the re-
quirement that both the electron and the pion be identi-
fied as displaced tracks. For decays occurring close to the
IP, the electron and pion can easily fail the requirements
of dy > 0.4 cm and z, > 0.6 cm for both tracks. Moreover,
lighter HNLs are typically more boosted, and their decay
products tend to be more collimated along the HNL flight
direction, further decreasing the probability of satisfying
these requirements. At large distances from the IP, the re-
construction efficiencies decrease because of the de-
graded tracking capability of the tracker.

The detector-level reconstruction efficiency e..(r,m,,
my) is more realistic and reliable than the linear assump-
tion L(r) in Eq. (5). Replacing L(r) in Eq. (8) with €..(r,
m,,my) allows the detector-level signal acceptances to be
extrapolated to any cr value. This approach has been ad-
opted previously, for example, in a Belle search [122].

The results presented above are obtained from the full
detector OSCAR simulation of the signal MC samples
only. We have also analyzed inclusive MC samples of
D* D™ pairs, including all SM decay channels and corres-
ponding to approximately O(107) events, to obtain a qual-
itative understanding of the background. The results are
consistent with the expectations in Sec. III: by applying
the same selection criteria as those used in the signal MC
simulation, the physical backgrounds can be effectively
suppressed, and the remaining background is dominated
by fake tracks arising from misreconstruction of detector
responses, as well as by combinatorial backgrounds.
These backgrounds can be further reduced by performing
vertex fitting on the final-state tracks and by employing
machine-learning techniques [123, 124], while maintain-
ing the original reconstruction efficiency. It should be

noted that, owing to computational resource limitations,
only a limited inclusive MC sample is analyzed, which is
insufficient to draw definitive conclusions about the
background level corresponding to an integrated luminos-
ity of 1ab™'. A more comprehensive background study
and further optimization of the selection criteria are bey-
ond the scope of the present work and are left for future
experimental studies.

Based on the discussion in the previous and present
sections, we assume vanishing background levels and de-
rive the contours corresponding to 3 signal events, repres-
enting the sensitivity reach at the 95% confidence level
(CL).

V. NUMERICAL RESULTS

We present the sensitivity reach of STCF with 1 ab™'
to long-lived HNLs as a function of my in Fig. 5. We fix
the couplings g4,/A at 2x10* TeV™' and gy/A at
1073 GeV™', ensuring prompt ALP decays. For the two
benchmark values of m, considered, 1.4 GeV (dashed
curves) and 1.6 GeV (dot-dashed curves), we show the
numerical results obtained from the phenomenological
analysis (blue) and the realistic OSCAR-simulation ana-
lysis (red). The realistic sensitivities are weaker than
those from the simplified phenomenological analysis.
This is mainly because the position-dependent efficien-
cies estimated in the OSCAR-based analysis are some-
what lower than those associated with the linear function,
Eq. (5), used in the simplified analysis.

The existing bounds obtained at PIENU [108], KENU
[109], CHARM [110], NA62 [111, 112], T2K [113], and
BEBC [114] are shown as the dark-gray region, while the
approximate reinterpretation of the CHARM search [110],
obtained under simplified assumptions about the produc-
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Fig. 5. (color online) Sensitivity reach of the STCF with an

integrated luminosity of 1 ab™' for long-lived HNLs from
prompt ALP decays produced in D*-meson decays. We fix
gsi/A at 2x107* TeV™' and gy/A at 10 GeV™". The results
shown correspond to the benchmark values m, =14 GeV
(dashed) and 1.6 GeV (dot-dashed). The red and blue curves
are obtained with the full OSCAR simulation and a fast truth-
level simulation, respectively. The existing bounds from
PIENU [108], KENU [109], CHARM [110], NA62 [111,
112], T2K [113], and BEBC [114] are shown in dark gray,
and the approximate CHARM search reinterpretation results,
obtained under simplified assumptions about the production
and kinematic distributions, are displayed as gray dot-dashed
lines.

tion mechanism and kinematic distributions of the HNLs,
is shown by the dot-dashed gray lines. Furthermore, we
plot a light-gray band corresponding to the parameter re-
gion targeted by the type-I seesaw mechanism, for active-
neutrino masses between 0.05 eV and 0.12 eV. The lower
and upper bounds on the active-neutrino masses origin-
ate from neutrino-oscillation experiments [125] and cos-
mological observations [126], respectively.

These results show that STCF is expected to probe the
mixing parameter |V,y|* about one to two orders of mag-
nitude beyond the existing bounds for my between
0.5 GeV and 0.8 GeV, although it does not yet reach the
theoretical parameter space predicted by the type-I
seesaw mechanism (the light-gray band in Fig. 5). We
note, however, that the approximate reinterpretation of
the CHARM search [110] in the present ALP-HNL
framework is subject to model dependence, as it relies on
assumptions about the production mechanism and kin-
ematic distributions of the HNLs. In particular, the pres-
ence of an intermediate ALP modifies both the produc-
tion and decay kinematics of the HNLs, which can affect
the acceptance of beam-dump experiments. Therefore,
the reinterpretation shown here should be regarded as in-

dicative rather than a definitive exclusion. A dedicated re-
cast including a full detector simulation would be re-
quired for a robust comparison, which is beyond the
scope of the present work. Refs. [66, 67] investigated the
expected signals of the ALP-HNL model at other future
experiments, such as LHC far detectors and SHiP, as well
as at the ongoing Belle II experiment, providing exclu-
sion limits on |V,y|*. Ref. [67] studied a benchmark scen-
ario with an ALP produced in B-meson decays rather than
D-meson decays, while Ref. [66] investigated benchmark
scenarios including ours. However, even in the latter
case, the ALP mass values considered differ from ours.
Therefore, our study should be regarded as highly com-
plementary in terms of parameter-space coverage. For
these reasons, we do not explicitly overlay such existing
results in our sensitivity plot. Nevertheless, it can be in-
ferred from the results in Ref. [66] that, for our bench-
mark scenario, future LHC far-detector and SHiP experi-
ments are expected to probe values of |V,y|* orders of
magnitude below those to which STCF is sensitive. In
this context, STCF provides a complementary probe of
this scenario, with a clean experimental environment and
well-controlled kinematics at threshold.

For smaller values of g5,/A, the sensitivities are ex-
pected to weaken. Quantitatively, if g5 /A is reduced by
a factor of 10, the sensitivity reach for |V y|? is expected
to weaken by a factor of 100.

VI. CONCLUSIONS

In this work, we considered an ALP with off-diagon-
al couplings to the charm and up quarks and to a pair of
long-lived Majorana HNLs. We performed both fast and
dedicated MC simulations to assess the search prospects
for long-lived HNLs at the proposed Super Tau—Charm
Facility.

We focused on the center-of-mass energy mode of
Vs =3.773 GeV at STCF and on the decays D* — n*a
and a » NN. The ALP a is on shell and decays promptly
and exclusively into a pair of N's. Using both a simple
phenomenological analysis and a dedicated reconstruc-
tion-level analysis, we determined the sensitivity reach
for the active-neutrino-HNL mixing parameter |V,y|*> as a
function of the HNL mass, with the branching ratio of
D" — n*a fixed at the experimentally allowed upper
bound by assuming a sufficiently small value of g5, /A.

Our numerical results show that STCF can probe val-
ues of |V,y|* down to approximately one to two orders of
magnitude below the existing bounds, while an approx-
imate reinterpretation of a CHARM search is found to
surpass the STCF sensitivities. A complete and dedicated
recasting and reinterpretation procedure would be re-
quired to establish such exclusion bounds; however, this
is beyond the scope of the present work. Moreover, for
benchmark scenarios in which the HNL mixes purely
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with v, (v,) instead of v,, the sensitivities are expected to
be comparable (weaker), given the similar (distinct) HNL
decay products.

Finally, we note that our analysis is readily generaliz-
able to additional theoretical scenarios, such as a scen-
ario with both a new scalar and a dark photon, and the

dark axion portal scenario.
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