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We search for lepton-flavor-violating 7~ — e~a and 7~ — p~a decays, where a is an invisible spin-0
boson. The search uses electron-positron collisions at 10.58 GeV center-of-mass energy with an integrated
luminosity of 62.8 tb~!, produced by the SuperKEKB collider and collected with the Belle II detector. We
search for an excess in the lepton-energy spectrum of the known =~ — e~7,v; and 1~ — pu~7,v, decays. We

report 95% confidence-level upper limits on the branching-fraction ratio B(z~ — ¢~ a)/B(t~ = ¢ b v;) in
the range (1.1-9.7) x 107 and on B(z~ — p~a)/B(t~ - p~b,v,) in the range (0.7-12.2) x 107 for a
masses between 0 and 1.6 GeV/c?. These results provide the most stringent bounds on invisible boson

production from 7 decays.

DOI: 10.1103/PhysRevLett.130.181803

The standard model of particle physics successfully
describes the electromagnetic, weak, and strong inter-
actions and classifies all known elementary particles.
However, phenomena such as neutrino oscillations, long-
standing discrepancies between expectations and observa-
tions such as the muon magnetic-moment anomaly, and
indirect evidence of dark matter clearly indicate that the
standard model is incomplete. Many extensions of the
standard model that attempt to incorporate these phe-
nomena require new bosons that are candidates for dark
matter or that explain the muon’s anomalous magnetic
moment [1].

Decays of 7 leptons into final states involving light,
beyond-the-standard-model bosons that are not directly
detectable (invisible) are predicted in models with, e.g.,
axionlike particles [2-5]. These bosons are collectively
referred to as « in this work. A direct search in 7~ — £~ a,
where £~ indicates e~ or ~, can probe theories beyond the
standard model with high sensitivity (charge-conjugated
decays are implied throughout). This process was previ-
ously searched for by the MARK III [6] and ARGUS [7]
collaborations. The current best upper limits on the 7= —
¢~a branching fractions, relative to the corresponding
standard-model leptonic decays, are B(r~ — e a)/
Bz~ = e b,v,) < (6—36)x 1073 and B(z~ = u a)/
B(z~ — u ) < (3 —34) x 107 at the 95% confidence
level (C.L.), where the range indicates their dependence on
the @ mass in the (0-1.6) GeV/c? [7] range.

We report a search for the lepton-flavor-violating 7= —
¢~ a decay involving a spin-0 @ boson, where both the «

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

and its decay products are invisible. We use data from e™e™
collisions produced in 2019 and 2020 by the SuperKEKB
collider at KEK [8]. The data, corresponding to an
integrated luminosity of 62.8 fb~! [9], were recorded by
the Belle II detector [10] at a center-of-mass energy of
/s = 10.58 GeV and contain 57.7 million ete™ — 7~
events.

The Belle II detector consists of several subdetectors
arranged in a cylindrical structure around the e e~ inter-
action point. The z axis of the laboratory frame is defined as
the detector solenoid axis, with the positive direction in the
direction of the electron beam. The polar angle 6 and
the transverse plane are defined according to this axis.
Charged-particle trajectories are reconstructed by a
tracking system consisting of a two-layer silicon-pixel
detector, surrounded by a four-layer double-sided sili-
con-strip detector and then a central drift chamber
(CDC). Only 15% of the second pixel layer was installed
when the data used in this work were collected. Outside the
CDC, time-of-propagation and aerogel ring-imaging
Cherenkov detectors cover the 31° < 6 < 128° and 14° <
6 < 30° polar ranges, respectively. The electromagnetic
calorimeter (ECL) that serves to reconstruct photons and
identify electrons fills the remaining volume inside a
superconducting solenoid that generates a 1.5 T uniform,
axial magnetic field. A dedicated subdetector to identify K
mesons and muons is located at the outermost radius of the
detector.

In the center-of-mass frame, z pairs are produced back to
back; thus, decay products of each 7 are isolated from the
others and contained in opposite hemispheres. The boun-
dary between those hemispheres is the plane perpendicular
to the 7 direction, which can be experimentally approxi-
mated by the thrust axis 7, i.e., the vector that maximizes
the thrust value > |7+ p§™]|/ > | p§™|, where p¢™ is the
momentum of each final-state particle in the center-of-mass
frame [11,12]. We define the fag hemisphere as that
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containing three charged particles, which originate from
= > h™hth v, (h=nr, K), and require that the other
hemisphere, the signal hemisphere, contain only one
charged particle.

In 7 decays from z-pair production, the = — £~ has an
identical visible topology to that of 7= — ¢~ v,v,, the latter
thus being an irreducible background. However, in 7= —
¢~ a the magnitude of the lepton momentum depends only
on the @ mass. The two-body decay provides a distinc-
tive signature for our signal above the spectrum of
T~ = {"v,v,, where the lepton momentum has a broad
distribution.

We cannot determine the r momentum from the observed
particles directly; we can, however, approximate its energy
in the center-of-mass frame as /s/2 (neglecting the initial-
state radiation) and its direction as being opposite to the
three hadrons on the tag side, p, ~ —ps;/|P3,|. From these,
we construct the = pseudo rest frame [7].

We search for t~ — £~ a by looking for an excess of
events above the spectrum of 7= — ¢~ D v, normalized
lepton energy [13]

%
Xy = Ef
m.c?/2’

(1)

where E7 is the energy of the charged lepton in the 7 pseudo
rest frame. We then measure the branching-fraction ratio
Bro/ By =B(t~ = ¢~ a)/B(z™ - £ Dp,), using 77 —
¢~ vev, as a normalization channel.

The search uses an online event selection (trigger) that
requires events with at least three localized energy deposits
in the ECL (clusters). One of these clusters must have an
energy above 0.3 GeV and the rest above 0.1 GeV. In
addition, we require a topology inconsistent with Bhabha
scattering. The efficiency of this trigger is measured in
experimental data with respect to independent triggers
based on the number of particles reconstructed in the
CDC; simulated distributions are then scaled by this
efficiency. The trigger efficiencies are on average 97%
and 86% for the electron and muon channels, respectively.

We select 7-pair candidates by requiring the event to
contain exactly four charged particles with zero total
charge, each displaced from the average interaction space
point by less than 3 cm in the z-axis direction and less than
1 cm in the transverse plane. The particle in the signal
hemisphere must be identified as either an electron or a
muon by combining the information from all subdetectors
into a global discriminator similar to a likelihood ratio.
Each charged particle in the tag hemisphere must satisfy the
condition Egcp/p < 0.8 to reject electron contamination.
Here, Egcy. is the particle energy measured in the ECL and
p the magnitude of its momentum measured in the tracker,
both in the laboratory frame.

Several e'e™ final states contribute to the spectra as
background: gg with ¢ = u, d, s, ¢ (hadronic), £t¢"y

(dileptonic), and eTe~£1¢~, ete”hTh™ (two-photon). We
use simulated events to determine the criteria to suppress
these backgrounds. We use KKMC to simulate 7777, ¢g, and
utu (y) production [14,15]; BABAYAGA@NLO for ete™(y)
[16-20]; and AAFH and TREPS for nonradiative two-photon
production [21-24]. Standard-model 7 decays are handled
by TAUOLA [25] and their radiative corrections by PHOTOS
[26], while 7= — £~ a decays are simulated with PYTHIAS.2
[27] for a mass values of 0.0, 0.5, 0.7, 1.0, 1.2, 1.4, and
1.6 GeV/c? and zero a spin. The Belle II analysis software
framework [28,29] uses the GEANT4 [30] package to
simulate the response of the detector. Since we have no
prior knowledge of the a mass, the selection is optimized
for the normalization channel using the figure of merit
S/vS+ B, where S is the number of events in the
normalization channel while B is the number of total
background events, both taken from simulations.
Backgrounds from ete™ — gg are suppressed by
rejecting events containing neutral pions and photons.
Photons used in z° reconstruction are ECL clusters with
energy deposits of at least 0.1 GeV, which must be within
the CDC acceptance to ensure they are not matched to any
charged particle. Displaced clusters from secondary had-
ronic interactions and multiple clusters deposited by low-
momentum charged particles are challenging to model
correctly; photons that deposit less than 0.4 GeV in the
ECL must be at least 40 cm from the nearest charged
particle at the inner surface of the ECL to suppress these
contributions. Neutral pions are identified as photon pairs
with masses within [115, 152] MeV/c?. Events containing
photons satisfying the above conditions, but not used in z°
reconstruction and with energy greater than 0.2 GeV, are
also rejected. We reject events from eTe™ — £7¢7y,
ete ¢, and et e~ hth™, characterized by low-momen-
tum tag-side charged particles, by sorting the three charged
particles in the tag hemisphere by increasing transverse
momentum and requiring that they exceed, respectively,
0.08, 0.30, and 0.70 GeV/c for = — e~ a candidates and
0.04, 0.17, and 0.47 GeV/c for t~ — u~a candidates. We
further reject events from ete™ — ete™y and ¢g by
restricting the thrust value to ranges consistent with that
of 7 events and from ete™ — ete T £~ by requiring
the event missing momentum, i.e., the negative vector sum
of the momenta of all reconstructed particles in the event, to
be within a polar angle (0,,;,) range where the process can
be accurately simulated. In addition, we suppress all types
of backgrounds by requiring that charged particle trajecto-
ries in the tag hemisphere are consistent with a common
origin and that these particles have a mass M3, and center-
of-mass-frame energy E%;"™ consistent with 7 decay kin-
ematics. The ranges for the thrust, 6, E5"™, and M3,
selections are listed in Table I. The reconstruction effi-
ciencies in the normalization channels are 12.7%
for 7 - e"b,v, and 16.2% for v~ — u v, decays,
while the purities are 95.9% and 92.0%, respectively.
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TABLE I. Requirements on event thrust, missing momentum
polar angle, and tag hemisphere particles’ total center-of-mass
energy and mass.

T e a T o> ua
Thrust [0.90, 0.99] [0.90, 1.00]
Ormiss [20°, 160°] [20°, 160°]
ES;™ [1.2,5.3] GeV [1.1,5.3] GeV
My, [0.5,1.7] GeV/c? [0.4,1.7) GeV/c?

The reconstruction efficiency of 7~ — e~ a decays depends
on the a mass and varies between 9.4% and 13.9%.
Likewise, the efficiency for 7~ — py~a decays varies
between 9.1% and 17.4%.

The parameter space defined by the selection criteria is
referred to as the signal region. We perform the analysis in a
closed-box approach; before examining the x, distribution
of experimental data in the signal region, we validate
the simulation using variables that are insensitive to the

14000F Belle Il N —+4— Data
_ I ..""'-.. Total uncertainty
120001 JLdt =62.8fb "' N T—evV
~ s . Other
~— 10000F o . —ea, M, = 1.6 GeV/c?
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S t—ea, M, =0 GeVic?
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L
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FIG. 1. Spectra of x, for electrons (top) and muons (bottom) in

simulation and experimental data. Simulated spectra for standard-
model processes are shown stacked, with the gray band indicating
the total uncertainty, which is dominated by the lepton-
identification efficiency uncertainty. Remaining background
processes other than 7~ — ¢~ v, contributing to the spectrum
are combined together and collectively referred to as “other.” The
distributions for 7= — £~a are shown for three a masses
assuming branching-fraction ratios of 5%.

presence of 7~ — £« decay and study control regions
defined by accepting events containing neutral pions or
photons rather than rejecting them. The distributions of x,
for events belonging to the signal region are shown in
Fig. 1.

We model each x, spectrum as a sum of contributions
from the signal decay, the standard-model leptonic decay,
and all other sources of background:

€ra Bfa

N(xs) = Nz, e By, fealxe)

+ Neofen(x2) + Npfo(xz), (2)

where the probability density functions f,,, fsz,, and f
are binned distributions taken from simulations, N, and
N, are the observed yields, and €.,/ €, is the efficiency of
observing 7~ — ¢~ a decays relative to that for observing
T = T,

We use ROOSTATS [31] and HISTFACTORY [32] to fit our
model to binned data using extended maximum likelihoods
that are functions of the branching-fraction ratio By, /B,
and of Ny, and N,,.

The leading systematic uncertainties originate from the
corrections to the lepton-identification efficiency and
particle misidentification rate, based on comparison of
calibration samples in data and simulated events. These
corrections depend on the momentum and polar angle; their
typical ranges are summarized in Table II. The resulting
uncertainties are asymmetric and strongly depend on x,;
their ranges and averaged values over the standard-model
yields are also reported in the same table. The contribution
from lepton-identification efficiency partially cancels in the
ratio between signal and normalization channels; while the
contribution from particle misidentification rates does not,
as it affects only other background sources.

Uncertainties from the trigger and z° reconstruction
efficiency corrections are also taken into account.
Trigger uncertainties range in 0.1%—4% for the electron
channel and in 0.2%—1.5% for the muon channel, depend-
ing on x,. Neutral pion reconstruction efficiency is
evaluated from studies on independent samples to be
0.914 £ 0.020. Each of these systematic uncertainties is
included in the likelihood as an additional shape-correlated

TABLE II. Typical ranges for corrections to the lepton-iden-
tification efficiencies and misidentification rates, together with
ranges for their respective uncertainties and their average values.

Correction Uncertainty — Average

range range(%) uncert.(%)
Electron identification 0.84-1.06 0.9-12.6 +5.3,-2.9
Muon identification 0.63-1.02 1.3-32.8 +11.7,-1.6
Electron misidentification  0.6-6.0 4.3-34.6 +17.6,—14.7
Muon misidentification 0.3-1.5 1.4-37.0 +18.0,-18.2
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TABLE III.  Central values with their uncertainties, 95% C.L., and 90% C.L. upper limits (UL) for the branching-
fraction ratios B,,/B.z, (top) and B,,/B,z, (bottom) for various masses of the a boson. Corresponding absolute
upper limits for B(z~ — ¢~ a), computed using standard-model branching fractions from Ref. [35], are provided in

parentheses for convenience.

M, [GeV/c?] Bew/Bes, (x1073) UL at 95% C.L. (x1073) UL at 90% C.L. (x1073)
0.0 -8.1£3.9 5.3(0.94) 4.3(0.76)
0.5 -0.9+43 7.8(1.40) 6.5(1.15)
0.7 1.7+£4.0 9.0(1.61) 7.6(1.36)
1.0 1.7+42 9.7(1.73) 8.2(1.47)
1.2 —-1.1£26 4.5(0.80) 3.7(0.66)
1.4 -03+1.0 1.8(0.32) 1.5(0.26)
1.6 02+05 1.1(0.19) 0.9(0.16)
M, [GeV/c? Buo/ By (x1072) UL at 95% C.L. (x1073) UL at 90% C.L. (x1073)
0.0 -9.4+3.7 3.4(0.59) 2.7(0.47)
0.5 -32439 6.2(1.07) 5.1(0.88)
0.7 2.7+34 9.0(1.56) 7.8(1.35)
1.0 1.7+54 12.2(2.13) 10.3(1.80)
1.2 -02+24 3.6(0.62) 2.9(0.51)
1.4 0.9+0.9 2.5(0.44) 2.2(0.38)
1.6 -03405 0.7(0.13) 0.6(0.10)

nuisance parameter that is assumed to follow a Gaussian
distribution. Other sources of uncertainty from track
reconstruction efficiency, beam-energy determination,

-3
22 10
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FIG. 2. Upper limits at 95% C.L. on the branching-fraction
ratios B(t™ - e~ a)/B(t™ - e D,v,) (top) and B(r™ - p~a)/
B(t~ — u~p,v,) (bottom) as a function of the & mass, as well as
their expectations from background-only hypothesis. All values
are linearly interpolated between mass points.

relative reconstruction efficiency, and momentum-scale
correction have negligible impact on the results.

Inspection of events in the signal region shows that
asymmetrical uncertainties yield unreliable results. We,
therefore, revise our definitions and symmetrize their
distributions using their greater variation in each bin.

We observe no significant signal and determine upper
limits using the CL; method [33], a modified frequentist
approach based on a profile likelihood ratio [34]. Figure 2
shows the 95% C.L. upper limits as well as expectations
calculated assuming the background-only hypotheses,
ranging in (1.1-9.7) x 1073 for the electron channel and
in (0.7-12.2) x 1073 for the muon channel. Systematic
uncertainties degrade on average our upper limit sensitivity
by approximately 35% in both channels.

The fit results and upper limits are summarized in
Table III. The corresponding absolute upper limits for
B(t~ — ¢~a), computed using standard-model world-
average branching fractions for the reference channel
[35], are also provided for convenience. Our 95% C.L.
limits are 2.2-14 times more stringent than the best
previous bounds in Ref. [7], depending on the value of the
a mass.

In conclusion, we search for the lepton-flavor-violating
decay 7= — ¢~ a using data collected by the Belle II
detector at an e e~ center-of-mass energy of 10.58 GeV,
corresponding to an integrated luminosity of 62.8 fb~!.
We observe no statistically significant signal and
set 90% and 95% confidence-level upper limits on the
branching-fraction ratios B(z~ — £~ a)/B(z™ = £ Dyv,).
These constitute the most stringent limits on invisible
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spin-0 boson production from 7 lepton decays, allowing
one to directly constrain standard model extensions (see,
e.g., Ref. [3]) in ways not otherwise possible outside of
collider experiments.
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