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We report on the first Belle search for a light CP-odd Higgs boson, A°, that decays into low mass dark
matter, y, in final states with a single photon and missing energy. We search for events produced via the
dipion transition Y(2S) — Y(18)z*z~, followed by the on-shell process Y (1) — yA? with A — yy, or
by the off-shell process T(15) — yyy. Utilizing a data sample of 157.3 x 10% T(2S) decays, we find no
evidence for a signal. We set limits on the branching fractions of such processes in the mass ranges
My < 897 GeV/c? and M, < 4.44 GeV/ c?. We then use the limits on the off-shell process to set
competitive limits on WIMP-nucleon scattering in the WIMP mass range below 5 GeV/c%.

DOI: 10.1103/PhysRevLett.122.011801

Identifying the nature of dark matter (DM) is a long-
standing yet unsolved problem in astronomy and particle
physics. DM may consist of weakly interacting massive
particles (WIMPs), which are postulated in popular exten-
sions of the standard model (SM) [1]. Numerous experi-
ments aim to directly detect WIMPs, but no clear evidence
has emerged to date. WIMPs are generally expected to have
masses in the 100 GeV/c? to 1 TeV/c? range, but there are
also scenarios with DM particle masses below 100 GeV/c?
[2-4]. Such low mass DM particles, y, can be produced
in interactions of SM particles through the exchange of a
CP-odd Higgs boson A [4,5], which is part of the next-to-
minimal supersymmetric model (NMSSM) [6]. Searches
for low mass DM particles from T decays at collider
experiments have been discussed in Refs. [7,8]. Hadron
colliders would be insensitive to DM particles in the final
state without additional constraints. However, at a B
factory, such invisible decays can still be measured by
utilizing the dipion transition Y'(2S5) — z*z~Y(1S) which
enables us to tag Y(1S) mesons without reconstructing
them. Since the mass of the A° is unknown, we consider
two processes: the on-shell process T(1S) — yA® with
A® - yy; and the off-shell process Y(1S) — yyy. The SM
process Y(1S) — yvi has the same final state as the signal,
but is predicted to have a branching fraction (BF)

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’.

B(Y(1S) = yvv) of the order of 10~ [8], which is three
orders of magnitude below our experimental sensitivity.
The most stringent existing upper limits on the processes
considered here were set by the BABAR experiment:
B(Y(18) = yA%) x B(A® = yy) < (1.9-37) x 107¢  for
My < 9.0 GeV/c? and B(Y(1S) = yxy) < (0.5-24) x
107 for M, < 4.5 GeV/c? [9], both at 90% confidence
level (C.L.).

This analysis uses a data sample with an integrated
luminosity of 24.9 fb~!, corresponding to (157.3 4 3.6) x
10% Y(2S) decays [10], collected with the Belle detector
[11] at the KEKB e*e™ asymmetric-energy collider [12].
We generate 1 x 10° Monte Carlo (MC) simulated events
for each of the on-shell and the off-shell processes, the on-
shell process with 20 different values of the A? mass, M A0,
and the off-shell process with 10 different values of the y
mass, M,. The AY in the on-shell process is assumed to
have zero spin while the off-shell process is modeled with a
phase space distribution. In this Letter, we do not assume a
specific model for the A° and y. The Y(2S) —» z*z~T(1S)
transition is simulated using the EVTGEN model to describe
the decays of a vector particle to a vector particle and two
pions [13].

Both signal processes produce only three detectable
particles: two charged pions, which have low transverse
momentum, and a photon that deposits energy in the
electromagnetic calorimeter (ECL). The small number of
charged tracks and their low momenta are difficult to
trigger on; thus the main level-1 (L1) triggers used are
related to the ECL. Instead of using all possible L1 triggers
in this analysis, we only use the two highest-efficiency L1
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triggers, which require the total deposited energy in the
ECL to be larger than 1.0 GeV with a cosmic ray veto
applied and larger than 3.0 GeV without the veto. This
choice reduces the systematic uncertainty on the L1 trigger
efficiency. The signal trigger efficiency is a function of
photon energy. In the energy region from 0.5 to 5 GeV,
our L1 trigger requirements reduce the signal efficiency by
less than 15%. In the energy region below 0.5 GeV, the
efficiency is greatly reduced, but even when using all
available triggers, the efficiency is below 3%. Therefore,
we avoid the regions of lowest trigger efficiency by
restricting our search to the range M 0 < 8.97 GeV/c? and
M, < 444 GeV/c?.

We require exactly two oppositely charged tracks origi-
nating from the interaction point (IP) with impact param-
eters within £4.0 cm along the beam axis and 2.0 cm in the
transverse plane. These two charged tracks are identified as
pions by using the likelihood ratio £,/(L, + Lx), where
L, and Ly are the likelihood with a pion and kaon
hypothesis, respectively. The likelihood uses information
from the central drift chamber (CDC), time-of-flight
scintillation (TOF) counters, and aerogel Cherenkov coun-
ters (ACC), and the ratio is required to be larger than 0.6. To
suppress contamination from electrons, we further require
an electron identification, which is a similar likelihood ratio
derived mainly from ECL information, to be less than 0.1.
We estimate from MC that 90% of signal candidate events
contain a pair of correctly reconstructed pions. Fake
pions originate from muons (<6.4% of tracks), electrons
(<3.8%), and protons (<0.2%). The tagged charged pion
candidates are identified by using mainly CDC information
due to the low transverse momenta of the tracks, hence
resulting in higher fake rates in comparison to those in
generic hadronic events triggered by Belle. The highest
energy photon in the center-of-mass (CM) frame is chosen
as the photon candidate in each event. This photon is
required to have energy in the Y (1S) frame, E, larger than
0.15 GeV, must lie in the polar angle range of —0.63 <
cos(@) < 0.84 of the ECL, must hit more than 2 calorimeter
crystals, and have an energy-deposit ratio in 3 x 3 over
5 x 5 crystals around the shower center greater than 0.9.

The invariant recoil mass of the dipion system is defined
as M2 =s+M2,—2\/sE;;, where \/s = 10.02 GeV/c?
is the T'(2S) resonance energy, M, is the invariant mass of
the dipion system, and E7 is the energy of the dipion
system in the CM frame of the Y(2S). The recoil mass is
required to be between 9.450 GeV/c? and 9.475 GeV/c?,
which corresponds to the Y(1S5) mass [14]. The vertex of
the two pions is required to be near the IP with y?/n.d.f. <
11 from the vertex-constrained fit, and an opening angle of
the dipion system in the Y(1S) frame larger than 45°.
The angle between the candidate photon and each charged
track in the lab frame must satisfy cos(6,:,) < 0.97 to
reject photons due to bremsstrahlung and final-state radi-
ation, while the azimuthal angle difference between the

dipion system and the candidate photon must satisfy cos
(@ — @,) > —0.97, to suppress QED background proc-
esses, such as ete™ —» yatn™.

Neutral hadrons may pass these selections thus we also
require that the energy of the second-highest-energy photon
in the c.m. frame and the remaining energy in the ECL both
be less than 0.18 GeV. To suppress events with a long-lived
SM particle in the direction opposite to the candidate
photon, we define the absolute azimuthal angle difference
between a candidate photon and a candidate long-lived
particle as [180° — ¢, — @jong||, Where the long-lived K,
candidate is in the direction opposite to the photon.
This absolute value of the angle difference is required
to be larger than 20°. This selection rejects 54% of
Y(1S) - yK; K, 98% of Y(1S) — yf5(1525), and 95%
of T(18) — yf5(1270) events.

The selection criteria described above are optimized with
the figure of merit S/+/B, where S and B are the numbers of
signal and expected background events, respectively, after
applying all selections except the selection being evaluated.
The signal efficiency ranges from 0.001% to 14% for the
on-shell signal and from 0.0007% to 9.4% for the off-shell
signal. The lowest efficiencies correspond to the highest
M 4o and M, respectively. The efficiency drop is due to the
reduced trigger efficiency for low energy photons.

Irreducible background from the Y(2S) resonance is
studied using a sample of 400 x 10° Y(2S) inclusive MC
events, and categorized into three event types: tau-pair
production Y'(2S) — 7t77, leptonic decays Y(1S) — I1]~,
and hadronic decays Y(1S) — yhh. Taus can decay to
charged pions and a tau neutrino; thus the slow charged
pions in such decays can pass the selection criteria. Leptons
[ and hadrons % can escape the detector along the beam
pipe, so that we only tag the two charged pions from the
dipion transition and a photon. The leptonic decay back-
grounds do not produce a peak in the £}, spectrum, but the
hadronic decay backgrounds can produce such a peak. Both
types of backgrounds peak in the M .., distribution. The
background contributions from these backgrounds are
predicted to be 3.5+ 1.2 events from Y(2S) -tz
decays, 20.0 £2.8 events from leptonic decays, and
1.2 £ 0.7 events from hadronic decays. Continuum back-
grounds are studied with an off-resonance data set collected
about 60 MeV below the Y (4S) resonance. This sample
corresponds to an integrated luminosity of 40.41 fb~!; we
do not observe any significant peaking backgrounds.

To search for a signal after the event selection, we use the
two observables M., and Ej. We construct probability
density functions (PDFs) for signal and for background
from the Y(2S) by using MC samples. Continuum back-
ground PDFs are created from M, sideband regions in
the YT(2S) on-resonance data. The recoil mass for the
T(2S) on-resonance data is described with a double-sided
crystal ball (CB) function [15], and continuum in the
recoil mass distribution is described with a second-order
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Chebyshev polynomial. The bias in the £} spectrum from
the trigger efficiency is accounted for by multiplying the E
PDFs by a parameterization of the trigger efficiency as a
function of Ej.

The on-shell process E; PDF is described with a CB
function, and the off-shell process is described with a
custom broad distribution function [16]. Each parameter of
the E; PDF is extracted separately for the assumed values
of M, and M,; these parametrized functions are used to
search for a peak in the E; spectrum. An exponential
function is used for leptonic decay backgrounds, and a
Gaussian function is used for hadronic decay backgrounds.
Continuum backgrounds are described with the sum of an
exponential function and a Gaussian function. Tau-pair
production from the Y(2S) does not peak either in the
recoil mass distribution nor in the photon energy spectrum;
therefore, we combine Y(2S) — 77z~ events and con-
tinuum backgrounds. The shape parameters of the recoil
mass PDF are determined by using Y(1S5) — u"p~ data.

We perform an unbinned extended log-likelihood fit in
the two-dimensional (M., E}) space to estimate the
yields of different event types. The fit is repeated for each
possible signal mass value. We fix all shape parameters of
the PDFs. Instead of floating three background yields, we
combine the two Y(1S) background PDFs as Pr(g) o
fuPu+ (1 = fiu)Ppy, where Py, and Py, are the PDFs of
the leptonic and hadronic decay backgrounds and f;; is the
fraction of leptonic decay backgrounds, respectively. We
use a fixed value of f;; = 0.933 £ 0.034, obtained from the
T(2S) inclusive MC sample. To maximize the likelihood
function and obtain signal yields, we vary two background
yields and one signal yield, Neop, Ny(is), and N,.

We search for a signal peak in the E} and the M
distributions, in the mass ranges 0 < M 0 < 8.97 GeV/c?
(on-shell process) and 0 < M, < 4.44 GeV/ c? (off-shell
process) by repeating the extended log-likelihood fit for
each value of M 4 or M,,. For the on-shell case, we scan the
photon energy in 353 steps that correspond to half the
photon energy resolution, and step size in the range from
25 MeV to 4.0 MeV. For the off-shell case, we use 45M,
scan points with a fixed step size of 100 MeV. If the
likelihood fit finds N, > 0, we compute the signal
significance S = \/21In(L./Lo), Where —In L, is the
negative log-likelihood value at the minimum and —In £
is the minimum value for the background-only hypothesis.
We perform the mass scans and observe the largest local
significance of 2.16 at M, = 2.946 GeV/c?; see Fig. 1.
And the largest local significance for the off-shell case is 1.4¢
atM, = 4.2 GeV/ c?. We observe no statistically significant
signal and compute an upper limit (UL) at 90% C.L. on the
signal yield (Ny;) by integrating the likelihood function
S L(Ngy)dN gy = 0.9 [° L(Ngg)dNg,. The systematic
uncertainty is accounted for in the limit calculation by
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FIG. 1. Fit result for the on-shell process mass scan point with

M 4 = 2.946 GeV/c?, which has the highest local signal sig-
nificance; 2.16. Top: M .. distribution. Bottom: E7 distribution.
The fitted components are continuum background (cyan dashed
curve), T(1S) decay background (magenta dashed curve), total
background (black dashed curve), and the on-shell signal (red
dashed curve). The blue solid curve shows the sum of all fitted
components.

convolving the likelihood with a Gaussian function,
which has a width equal to the total systematic uncertainty.
The upper limits (90% C.L.) on the BFs of the on-shell
and the off-shell signals are then given by Ny /[Ny(s) X
B(Y(2S) —» Y(1S)z"n~) x €], where e is the signal
efficiency.

Several sources of systematic uncertainties are included
in the upper limits on the BFs. For most scan points, the
observed yield N, is small; thus multiplicative signal
uncertainties do not have a significant effect. The leading
sources of systematic uncertainties are due to fit bias and
PDF shape parameters. The systematic uncertainty due to
the BF of the dipion transition is estimated to be 1.46%
based on Ref. [14], and the uncertainty due to the number
of T(2S) events is 2.3%. The uncertainty in the tracking
efficiency for tracks with angles and momenta character-
istic of signal events is about 1.4% per track. The photon
reconstruction contributes an additional 3.0% uncertainty.
Systematic uncertainties on the signal efficiency range from
0.2% t0 0.7% at M 40 < 8.5 GeV /c? and from 0.7% to 30%
at 8.5 < M 4 < 8.97 GeV/c? for the on-shell signal, and
from 0.3% to 0.8% at M, < 4.0 GeV/c? and from 0.8% to

38% at 4.0 <M, <4.44 GeV/c? for the off-shell signal.
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FIG. 2. 90% C.L. upper limits on the BFs of the on-shell
process Y(1S) — yA? with A® — yy (top) and the off-shell
process Y(1S) — yyy (bottom). The orange solid curves are
the Belle limits and the blue dashed curves are the BABAR limits.

The uncertainty in the L1 trigger efficiency is estimated to
be 13.5% by comparing the relative efficiency of the two
L1 triggers in experiment against the same quantity in MC.
A possible bias in the fit is checked for by using toy MC
samples, for the same values of M 40 or M,, used to generate
the signal MC samples. For each signal mass, a toy MC is
generated using the background and signal PDFs. The
number of background events in the toy MC is obtained
from the background-only fit to the T(2S) on-resonance
data and it is generated following the Poisson distribution.
The signal yield is varied from zero to 11 events. For each
signal mass and each signal yield, we generate 1000 toy
MC events. We observe a fit bias of 0.001 for the on-shell
signal and observe a bias that depends on M,, for the off-
shell signal. The largest fit bias for the off-shell process, 3.6
events, occurs at M P 3.5 GeV/ ¢%, which corresponds to
a photon energy range 1 < E; <2 GeV. In this range, the
leptonic decay background influences the measured signal
yield. Therefore, we assign a systematic uncertainty due to
fit bias that varies with Mx for the off-shell signal, and
assign a 0.001 event systematic uncertainty for the on-shell
signal. Systematic uncertainties due to the PDF shapes are
estimated by refitting with the shape parameters and the
predicted f; varied within their uncertainties. The con-
tinuum shape in the recoil mass distribution is also refit
with a first-order Chebyshev polynomial function. We
repeat the likelihood scan for each variation of this kind,
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|| S1: Belle Y (18) b only ]
—_~
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FIG. 3. WIMP-nucleon spin-independent scattering cross-

section limits at 90% C.L. The black solid and dashed curves
are the upper limits obtained by assuming the WIMP couples to all
quarks and only b quarks, respectively. The 90% C.L. exclusion
limits of LUX [18], CRESST II [19], SuperCDMS [20], and
ATLAS [21,22] and CMS [23,24] are shown for reference; and the
90% C.L. signal regions of CRESST II [25], CoGeNT [26],
DAMA/LIBRA [27], and CDMS II (Silicon) [28] are also shown.

and add in quadrature all of the resulting variations in the
fitted yield at that signal mass. The largest systematic
uncertainty of shape parameters is 2.5 and 2.8 events for the
on-shell and the off-shell signal, respectively. We quote fit
variation uncertainties depending on M 4 and M,,.

The estimated systematic uncertainty is included in
the likelihood and we obtain the 90% C.L. upper limits
on B(Y(1S) = yA%) x B(A® = yy) and B(Y(1S) = yxx)
shown in Fig. 2. For the on-shell process, we achieve slightly
better sensitivity in the low mass region than the BABAR
result, and comparable or worse sensitivity in the high mass
region. This low sensitivity is due to the lower trigger
efficiency of Belle in that mass region. For the off-shell
process, we achieve better limits than BABAR for all masses.
Our limits are dominated by statistical uncertainties.

The limit on the BF of the off-shell process can be
converted into a WIMP-nucleon scattering cross section
limit by using the procedure in Ref. [17]. The off-shell
process generated in this analysis corresponds to the S1
operator in Ref. [17], and we set new spin-independent (SI)
WIMP-nucleon cross section limits, shown in Fig. 3. We
place one set of limits assuming that the WIMP couples to
all quarks, and another set of limits assuming it couples to b
quarks only. These limits extend down into the interesting
low-mass WIMP region unreachable by currently running
direct detection experiments. It should be noted that these
limits are valid regardless of whether the CP-odd light
Higgs exists, but they do assume the existence of some new
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spin-zero boson, because the S1 operator is used to set
the limit.

To conclude, we have performed the first Belle search for
the on-shell process, T(15) — yA? with A° - yy, and the
off-shell process, Y(1S) — yyy, and have set upper limits
on the branching fractions at 90% C.L. in the mass ranges
0 <My <897 GeV/c? and 0< M, <444 GeV/c>.
Our results improve on the existing limits from BABAR,
mainly for the off-shell case. We have used the Belle
branching fraction limit on the off-shell process to set new
limits on the ST WIMP-nucleon scattering cross section. We
uniquely constrain the low mass dark matter region where
direct detection experiments do not yet have sensitivity,
under the general assumption that a new spin-zero boson
exists. We expect that this work can be extended signifi-
cantly in the near future by using data from the Belle II
experiment, which is currently being commissioned [29],
and by searching for WIMPs assuming other contact
operators, as discussed in Ref. [17].
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