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Search for diphoton decays of an axionlike particle in radiative J/y decays
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We search for the diphoton decay of a light pseudoscalar axionlike particle, a, in radiative J/y decays,

using 10'° 7/ events collected with the BESIII detector. We find no evidence of a signal and set
upper limits at the 95% confidence level on the product branching fraction B(J/w — ya) x B(a = yy)
and the axionlike particle photon coupling constant g,, in the ranges of (3.7-48.5) x 1078 and
(2.2-101.8) x 107* GeV~!, respectively, for 0.18 < m, <2.85 GeV/c?. These are the most stringent

limits to date in this mass region.

DOI: 10.1103/PhysRevD.110.L031101

Axions are hypothetical pseudoscalar gauge bosons
originally proposed by Peccei and Quinn as a mechanism
of spontaneous U(1) symmetry breaking to resolve the
strong CP problem in quantum chromodynamics [1-3] and
later applied to the electroweak hierarchy problem [4].
Axionlike particles (ALPs) have the same quantum num-
bers as the QCD axion, but they have different masses and
couplings. ALPs appear in various extensions of the
Standard Model (SM), such as supersymmetry [5-7],
extended Higgs sector [8], and string theory [9—-12]. The
ALPs can act as a mediator between the dark sector and
ordinary matter [13,14], and they could be cold dark matter
candidates in certain situations [15-18]. A light scalar
decaying to two photons could also be a signature of a CP-
violating minimal supersymmetric Standard Model [19] or
Fermi-phobic Higgs bosons [20]. Experimental constraints
on these scenarios are important to understanding the
properties of the SM Higgs boson [21]. In a simple
scenario, the ALP, a, predominantly couples to a photon
pair with a coupling constant g,,,. Reference [22] has
recently discussed the phenomenology of gravitonlike spin-
2 particles and the reinterpretation of existing experimental
bounds on g,,, to set bounds on these possibilities.

Experimental bounds on g,,,, for masses of a in the sub-

MeV/c? range are available from laser experiments,
solar photon instruments, and astrophysical observations
[23,24], while the experimental bounds on the photon
coupling in the MeV /c?>~GeV/ ¢? range mainly come from
beam-dump and high-energy collider experiments [25-27].
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Limits on long-lived ALPs are derived from radiative
decays V — y + invisible [V = Y(1S),J/y] [28,29] and
the eTe™ — y + invisible reaction [30-33]. On the other
hand, short-lived ALPs decaying to a photon pair are
searched for in e*e™ — yy(y) reactions [34-36], the light-
by-light scattering process yy — yy [37,38], pp collisions
[39—41], and radiative J/y — ya decays, based on 2.7 x
10° y(3686) events at BESIII [42]. The previous BESIII
measurement [42] selected a sample of approximately
10°J/w events by tagging the pion pair from the
w(3686) — z"n~J/w transition. The ALP-photon cou-
pling in the ALP mass range of (0.1-5) GeV/c? is less
constrained than the other mass regions. The best upper
bound on g,, mainly comes from the previous BESIII
measurement [42] for 0.165 < m, < 1.468 GeV/c? and
OPAL [34] measurement in the rest of the mass region. The
large data sample collected by the BESIII detector at the
J/y resonance [43] can further improve the sensitivity on
Jayy in the mass region 0.18 < m, < 2.85 GeV/c? [44].

In J/y decays, ALP production predominantly proceeds
via the radiative decay J/w — ya [45]. The branching
fraction of J/y — ya relates to g, as [45]

B(J/l//—)}’a) _m-%/ll/ 2 _ mg 3 (1)
B(J/y = ete”) 3270 m? '

Iy

where a is the fine-structure constant, m, is the mass of the
ALP, and m,,, is the mass of the J/y meson. Additional
processes contributing to the same final state are the ALP-
strahlung e*e™ — ya process [45] and the radiative pro-
duction of pseudoscalar mesons through J/w — yP with
P={x"n.1.n.} [46.47].

This article describes the search for a light pseudoscalar
ALP in radiative decays of the J/y using (1.0087 +
0.0044) x 10'°J/yr events collected with the BESIII
detector [43]. This search assumes that the direct coupling
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of the ALP to charm quarks is negligible, and that the ALP
produced in J/w — ya couples to the virtual photon
created in cc annihilation [45]. Since the ALP-strahlung
process e e™ — ya is indistinguishable from ALP produc-
tion in radiative J/y decays in the case of a null result, the
expected 4.4% ALP-strahlung contribution [45] is sub-
tracted from the experimental measurement to derive
constraints on the J/w — ya branching ratio. The inter-
ference between the ALP-strahlung process ete™ — ya
and radiative J/y — ya is predicted to be negligible due to
the small J/y width [45].

The BESII detector [48] records symmetric ete™
collisions provided by the BEPCII storage ring [49] in
the center-of-mass energy range from 2.0 to 4.95 GeV
with a peak luminosity of 1 x 1033 cm™2s~! achieved at
/s = 3.77 GeV. BESII has collected large data samples
in this energy region [50-52]. The cylindrical core of the
BESII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber, a
plastic scintillator time-of-flight system (TOF), and a CsI
(T1) electromagnetic calorimeter (EMC), which are all
enclosed in a superconducting solenoidal magnet providing
a 1.0 T (0.9 T in 2012, for about 11% of the dataset)
magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV/c is 0.5%. The
EMC measures photon energies with a resolution of 2.5%
(5%) at 1 GeV in the barrel (end cap) region. The time
resolution in the TOF barrel region is 68 ps, while that in
the end cap region is 110 ps. The end cap TOF system was
upgraded in 2015 using multigap resistive plate chamber
technology, providing a time resolution of 60 ps. About
87% of the dataset benefits from this upgrade.

Monte Carlo (MC) simulated data samples produced
with a GEANT4-based software package [53], which
includes the geometrical acceptance of the detector and
time-dependent beam related backgrounds, are used to
optimize the event selection criteria, study the potential
backgrounds, and evaluate the reconstruction efficiency. A
MC sample of 10'° inclusive J/y decays is used for
background studies with the TopoAna tool [54]. In this
sample, the known decay modes of J/y are simulated by
EVTGEN [55] with their branching fractions taken from the
Particle Data Group (PDG) [46] and the remaining
unknown decay modes by LUNDCHARM [56]. The produc-
tion of the J/y resonance via e*e™ annihilation, including
beam energy spread and initial-state radiation (ISR), is
simulated by KkMC [57]. The backgrounds from the SM
processes ete” — yy(y) and eTe” — yP are estimated
with 166.3 pb~' of continuum data collected at the
center-of-mass energy of 3.08 GeV [43]. To evaluate the
signal efficiency, simulated signal MC events are generated
for 33 values of m, ranging from 0.1 to 3.0 GeV/c?* with a
phase-space model for @ — yy and a P-wave model for the

J/w — ya decay [55]. To avoid any bias, a semiblind
procedure is adopted in which approximately 10% of the
full J/y data is used to check the agreement between
data and background predictions and validate the fitting
approach. The rest of the J/y dataset is blinded until the
analysis procedure is frozen.

We select the events of interest with at least three photon
candidates and zero charged tracks in the final state. The
photon candidates are reconstructed using the energy
clusters deposited in the EMC barrel region with a mini-
mum energy of 25 MeV. End cap clusters are not used in
order to suppress the background from ete™ — yy(y)
events. The energy deposited in the nearby TOF scintilla-
tors is also included to improve the reconstruction effi-
ciency and energy resolution. The EMC time difference
between any two photons is required to be within the range
of =500 < AT < 500 ns to suppress electronics noise and
energy deposits unrelated to the events. To improve the
mass resolution, a four-constraint (4C) kinematic fit is
performed, constraining the mass of the three-photon
system to the center-of-mass energy. If there is more than
one J/w — yyy combination, the candidate with the mini-
mum value of the y? from the kinematic fit (y3) is retained.
The y3c is required to be less than 30. A similar 4C
kinematic fit is also separately performed with all possible
two-, four-, and five-photon candidate hypotheses. We
require that the 7. of the three-photon candidate hypoth-
esis is less than that for the other hypotheses to avoid any
wrong combination of soft photons. The requirements of
Xic < Xic(2y) and z3c < yic(ny) (n =4, 5) suppress the
backgrounds from the ete~™ — yy process and J/y —
ya’z® decays when a low-energy photon escapes unde-
tected. The selected three photon candidates are used for
further analysis.

In order to further suppress the ete™ — yy(y) events
with low-energy EMC clusters, the energy difference
between the first (second) and third photon candidates,
AEJ,U_, is required to be less than 1.46 (1.41) GeV, where the
first, second, and third photons are sorted by decreasing
energy. The absolute azimuthal angle difference between
the third and first photon candidates, A¢,, , is also required
to be greater than 1 rad.

At this stage, the dominant background contributions
come mainly from J/y — yP, where P denotes the
pseudoscalar mesons 7, 7n,7',n,, as also seen in
Refs. [42,47]. To validate the signal extraction procedure
(see below) the same fit is used to extract the branching
fractions of J /yr — y(7°,5,7') = yyy. After accounting for
the peaking background contributions, such as J/y —
ya°z° in J/w — ya° decay as described in Ref. [47], the
results are compatible with the measurements of Ref. [47]
and PDG averages [46] within their uncertainties. We
further reject the events where the diphoton invariant mass
(m,,) for any photon combination is in the regions
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FIG. 1. Distribution of the diphoton invariant mass, m,,, for

data (black dots with error bars) together with the background
predictions of the QED e™e™ — yy process from data collected at
3.08 GeV (dotted red curve), J/y — ya°z° (long-dashed pink
curve), J/w — yyy (double-dotted long-dashed gray curve),
J/y = vf If = fo(1350), £,(1950)] (long-dashed cyan curve),
J/w — yP (brown pattern, dashed-dotted blue, black and dotted
gray histograms), and other backgrounds from inclusive J/y
decays (triple-dotted long-dashed brown curve). The solid green
olive histogram represents the combined background. The bottom
panel shows the ratio of data to the combined background
predictions.

0.11 <m,, <0.16 GeV/c?, 0.52 <m,, <0.56 GeV/c?,
0.92<m,, <0.99 GeV/c?, and 2.92<m,, <3.04GeV/c?
to suppress the backgrounds from J/y — yz°, J/yw — yn,
J/w — vy, and J /)y — yn,, respectively.

After applying the above selection criteria, the signal
yields are extracted from the data by performing a series
of one-dimensional unbinned extended maximum like-
lihood (ML) fit to the m,, distribution, which includes
all combinations of two photon pairs. The fit function
includes the contributions of signal and backgrounds and is
described in more detail below.

Figure 1 shows the m,, distribution for data and various
background predictions. The dominant background comes
from the QED process ete™ — yy(y), which is predicted
from the continuum data collected at 3.08 GeV. The m,,
distribution for data is generally well described by the
background predictions, except in the low-mass region,
where KkMC [57] fails to reproduce the events for J/y
decaying to multiphotons in the final state. This disagree-
ment has a minor impact on the ALP search because the
signal extraction procedure does not depend on the pre-
dictions of the background yields. In order to mitigate the
effect from the tails of the peaking backgrounds J/w — yP,
the fit is performed in different m,, intervals for various m,
points, as described in Table I.

TABLE 1. The fit intervals of m,, for various m, points.

m, range m,, fit interval Polynomial
(GeV/c?) (GeV/c?) function order
0.180-0.420 0.16, 0.46 Fourth
0.421-0.490 0.39, 0.51 Fifth
0.610-0.880 0.59, 0.90 Fifth
1.020-1.099 1.00, 1.20 Fifth
1.100-2.770 m, —0.10, m, +0.10 Third
2.772-2.850 2.70, 2.88 Fourth

Simulated data samples are used to construct the signal
and background probability density functions (PDFs). The
signal PDF is described by the sum of two crystal ball
functions with common mean and opposite-side tails. The
efficiency and parameters of the crystal ball functions are
obtained from the simulated signal MC samples by
performing a fit to the m,, distribution. This fit includes
the contributions of signal and combinatorial background
from wrong yy combinations, described by a first-order
Chebyshev function. The m, resolution varies from 6 to
15 MeV/c? while the signal selection efficiency, e, varies
from 28.2% to 39.0% depending on the a mass. The PDF
parameters and efficiency of the signal are interpolated
linearly between the mass points of the generated signal
MC samples. The background PDF is described by third-,
fourth-, and fifth-order Chebyshev functions in various m
fit regions detailed in Table L.

The search is performed in 1.0 MeV/c? steps in the mass
range of 0.18 < m, < 1.5 GeV/c? and 2.0 MeV/c? steps
for higher m, values. The free parameters of the fit are the
number of signal events (fo‘g‘) which includes the con-
tributions of both radiative J/yw — ya and ALP-strahlung
e"e™ — ya process, the number of background events, and
the shape parameters of the background PDF. To take into
account a possible systematic uncertainty associated with
the choice of PDFs, the fit is repeated with an alternative
signal PDF described by a Cruijff function [58], or
increasing by one the order of the Chebyshev polynomial
function for the background PDF at each m, point. The fit
with the largest signal yield, giving the worst upper limit, is
chosen to produce the final result. The final signal yield

Ngig 18 95.6% of the N ng after subtracting the contribution
from the ALP-strahlung process [45].

We calculate the product branching fraction of J/y —
ya and a — yy at each m, point using the following
formula,

144

Nsi
-
€N-]/1I/

B(J/y — ya) x B(a = yy)
Figure 2 shows the product branching fraction B(J/yw —
ya) x B(a — yy) and the statistical significance, defined

as S =+/—2In(Ly/Lmax), as a function of m,. In this
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FIG. 2. (a) Product branching fraction B(J/w — ya) x

B(a — yy) (BF) and (b) the signal significance versus m,
obtained from the fit, as described in the text.

formula £, and L, are the likelihood functions for the
number of signal events obtained from the fit and fixed at
zero, respectively. The largest value of upward local signi-
ficance is determined to be 3.5¢ at m, = 2.786 GeV/c>.
The fit result for the corresponding m,, point is shown in
Fig. 3. We estimate the probability of observing a fluc-
tuation of S > 3.56 to be 5.2% using a large ensemble of
pseudoexperiments [59]. The corresponding global signifi-
cance value is 1.60. Thus, we conclude that no significant
evidence of signal events is found within the investigated
m, regions.

As follows from Egs. (1) and (2), the systematic
uncertainties for the coupling of the ALP to a photon pair
and the branching fraction measurements include those
from the number of signal events, the reconstruction
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FIG. 3. Fitto the m,, distribution for m, = 2.786 GeV/ c2. The
black dots with error bars represent data, the dashed red curve is
the continuum background, the filled pink curve is the signal
PDF, and the solid green curve is the total fit result.

efficiency, the total number of J/y events, and the
branching fraction of J/y — ete™. The uncertainties
associated with the number of signal events are additive
because they originate from the PDF parameters of signal
and backgrounds and the fit bias. The additive systematic
uncertainty affects the significance of any observation and
does not scale with the number of reconstructed signal
events. We take into account the uncertainties associated
with the PDF parameters of signal and backgrounds by
performing the alternative fits at each m, point using
alternative PDFs, as described above. We utilize a large
number of pseudoexperiments to test the reliability of the
ML fit procedure and the accuracy of the signal and
background modeling. The signal yields are extracted from
these samples using the same fit method as described
above. The biases are consistent with zero and their average
uncertainty is 9.2 events, which is taken as an additional
additive systematic uncertainty (6,4q)-

The other sources of the systematic uncertainties are
multiplicative; they scale with the number of reconstructed
events and do not affect the significance of a yield. The
uncertainty associated with the reconstruction efficiency
includes contributions from the 4C kinematic fit, the
selection criteria of AE;; and A3, and the photon
detection efficiency.

We use a control sample of J/w — yn, n— yy to
evaluate the systematic uncertainties associated with the
Xics AE, ., AE, , and J/y — yP veto, and Ag; require-
ments. The signal yields for J/y — yn from both data and
MC simulation are extracted by performing an ML fit to the
m,, distribution using the same fit procedure as described
above. The corresponding systematic uncertainties, com-
puted as the relative change in efficiency between data and
MC simulation, are determined to be 2.3%, 0.1%, 0.1%,
0.8%, and 0.1%, respectively. The systematic uncertainty
associated with the total number of J/y events is deter-
mined to be 0.44% with a sample of inclusive J/y hadronic
events [43].

A control sample of eTe™ — yu"u~ is used to evaluate
the systematic uncertainty associated with the photon
reconstruction efficiency. An ISR photon in this control
sample is predicted using the four momenta of the two
charged particles. This sample also includes the contri-
butions from eTe™ — yaTx~ and J/yw — ya"x~, including
all the possible intermediate resonances. The relative
difference of efficiency between data and MC simulation
is determined to be 0.2% per photon [60]. Thus, the
total systematic uncertainty due to photon reconstruction
efficiency for the three-photon candidates is 0.6%. The
uncertainty associated with the branching fraction of
J/w = ete™ is 0.5% taken from the PDG [46]. The total
multiplicative systematic uncertainty (o) is obtained by
adding the individual ones in quadrature, and is determined
to be 2.6% for both a product branching fraction B(J/w —
ya) x B(a — yy) and a coupling of ALP to a photon pair
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TABLE 1II. The sources of systematic uncertainties. The un-
certainties associated with the signal and background PDFs are
incorporated into the fit, as described in the text.

Source Uncertainty
Iy =vya g, (GeV)™!
Additive (events)
Fit bias 9.2 9.2
Multiplicative (%)
Xic 23 2.3
AE, 0.1 0.1
AE,, 0.1 0.1
J/w — yP veto 0.8 0.8
Ag,., 0.1 0.1
B(J /)y — ete) 0.5
J/y counting 0.44 0.44
Photon detection efficiency 0.6 0.6
Total 2.6 2.6

Jayy- All sources of systematic uncertainties are summa-
rized in Table II. We calculate the final systematic uncer-

tainty as \/ 6244+ (O X Nyig)*.

Since no significant evidence of any signal events is
found, we set the 95% confidence level (CL) upper limits
on the product branching fraction B(J/w — ya) x B(a -
yy) as a function of m, using a Bayesian approach with a
uniform prior. The systematic uncertainty is included by
convolving the likelihood function with a Gaussian func-
tion having a width equal to the systematic uncertainty.

LI N B N B B B L B N B B B L S ) BN L B B
i

10°

10

BF UL (10®)

--------- BESIII (y(3686) data)
—— Observed limits (J/y data)
--------- Expected average limit
[ Expected limit (+10)
Expeclted limit (ilzc)

gl .
0.5 1 1.5 2 2.5

m, (GeV/c?)

FIG. 4. Upper limits at the 95% CL on the product branching
fraction B(J/w — ya) x B(a — yy), including the systematic
uncertainties, and compared with the previous BESIII measure-
ments [42] as a function of m,. The expected limit bands at 16
and £2¢ levels, obtained from a large ensemble of pseudoexperi-
ments, include statistical uncertainty only.

1072 =
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FIG. 5. The 95% CL upper limits on the coupling of ALP to a
photon pair (g,,,) together with BABAR [30], CMS [37], ATLAS
[38], PrimEx [25], beam-dump [26,27], OPAL [34], previous
BESIII [42], and Belle II [36] measurements as a function of m,,.

The limits range between 3.7 x 1078 and 48.5 x 103 for
0.18 <m, <2.85 GeV/c?, as shown in Fig. 4 together
with expected limit bands at £1¢ and +2¢ levels obtained
from a large ensemble of pseudoexperiments. Our results
improve upon the previous BESIII measurement [42] by an
average factor of 8 to 9. Finally, we also calculate the
95% CL upper limit on g, using Eq. (1) while assuming
B(a — yy) = 1 and including the additional sources of the
systematic uncertainties on B(J/w — ete”) using a
Bayesian approach with a uniform prior in a negative
log-likelihood versus gfm, curve. The corresponding exclu-
sion range is shown in Fig. 5. The limit varies within
(2.2-101.8) x 107 (GeV)~! for 0.18 <m, <2.85GeV/c?
and improves previous bounds set by previous BESIII [42]
and Belle II [36] by factors of about 3 and 5, respectively.
It has also twofold improvement over the OPAL measure-
ment [34] for 1.468 < m, <2.2 GeV/c>.

In summary, we search for diphoton decays of a light
pseudoscalar particle in radiative J/y decays, using
1097 /y events collected by the BESII detector. No
significant evidence of signal events is found, and we
set 95% CL upper limits on the product branching fraction
B(J/y — ya) x B(a — yy) and the coupling of the ALP to
a photon pair g,,, as a function of m,. The corresponding
limits are more stringent than the existing limits from
OPAL [34], previous BESIII [42], and Belle II [36] for
0.18 <m, <2.85 GeV/c?. These improved limits can
significantly constrain the parameter spaces of the extended
Higgs sector models [8,19,20,45] and other new physics
models [5-7,14,22] in the investigated mass region.
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