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We report on an analysis of the decay J/y — yz%' using a sample of (1310.6 + 7.0) x 10°J /y events

collected with the BESIII detector. We search for the CP-violating process 1, — 7%’ and a dark gauge

boson U’ inJ )y — U'y',U" — ya°, 2% — yy. No evidence of an 7, signal is observed in the 7%’ invariant-

mass spectrum and the upper limit of the branching fraction is determined to be 5.6 x 10™> at the
90% confidence level. We also find no evidence of U’ production and set upper limits at the 90% confidence
level on the product branching fraction B(J/yw — U'n') x B(U' — ) in the range between
(0.8 —6.5) x 1077 for 0.2 < my <2.1 GeV/c? In addition, we study the process J/yw — wy’ with
@ — ya°. The branching fraction of J/y — o' is found to be (1.87 4+ 0.09 & 0.12) x 10, where the first
uncertainty is statistical and the second is systematic, with a precision that is improved by a factor of
1.4 over the previously published BESIII measurement.
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I. INTRODUCTION

The Standard Model (SM) has been successful in
explaining a wide variety of experimental data; however
it fails to explain several observations, such as dark matter,
the baryon asymmetry in the Universe, the neutrino masses,
and so on. Therefore, in recent years the search for new
physics beyond the SM is one of the important activities of
particle physicists worldwide. The BESII (Beijing
Electron Spectrometer) experiment is currently searching
for beyond-the-SM physics using low-energy ete™ colli-
sion data. This is complementary to experiments conducted
at the Large Hadron Collider (LHC) at CERN, which use
high-energy hadron collision data. Huge data samples
accumulated by the BESIII detector and taken at center-
of-mass energies corresponding to the masses of various
charmonium resonances [J/y, w(3686) and y(3770)] offer
a unique sensitivity to search for forbidden decays and dark
matter particles in the low-energy region [1].

Charge conjugation and parity symmetry (CP) violation
has only been observed in weak interactions, which
in the SM, originates from a single complex phase in
the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [2]. Therefore, searches for this phenomenon will
provide new insights and will help to determine whether the
phase in the CKM mixing matrix is the sole source of CP
violation or whether there are other sources. The produc-
tion of heavy pseudoscalar mesons, e.g., , #', and 7., in
J/w decays offers an opportunity to test this fundamental
symmetry. In the SM, the decays of 57/5 — 7z can proceed
only via the weak interactions and the expected branching
fractions are at a level of 1072°-10~27 [3], which are
experimentally inaccessible. In the case of the CP violation
taking place in an extended Higgs sector [3], the branching
fraction of 7 — zz may reach the level of 10~'2, which is
considerably larger than the expectation in the SM. The
decay of an 77, (J¢ = 0~") to two pseudoscalar mesons is
forbidden due to CP conservation. The observation of these
forbidden decays will be a clear indication of new physics
beyond the SM. Using a sample of 225 million J/y events,
BESIII reports the results of the search for n, - z#tz2~ and
7. — 7°z° and upper limits on the branching fractions
are presented at the 90% confidence level (C.L.) [4].
In this paper, we present the first experimental search
for n, — 7.

Except for gravitational effects, we still know very little
about the constituents and interactions of dark matter. One
possible model candidate for dark matter is an additional
gauge boson [5,6]. If this additional boson corresponds to
an extra U(1) gauge symmetry, it is referred to as a “dark
photon.” A dark photon with a mass in the sub-GeV range
can couple to the SM via kinetic mixing with the ordinary
photon and parametrized by the mixing strength [5]. The
dark photon occurs naturally in many proposed models and
has been invoked to explain various experimental and

observational anomalies [7]. This new gauge boson referred
to as U’ has the same quantum number, J*¢ = 177, as the
@ meson. In the past, BESIII has reported on a search for
the dark gauge photon in the initial-state radiation (ISR)
reactions ee” = Ulygr = [T 7yisr (I =u, e) [8] and
electromagnetic Dalitz decays J/w — U'n/n’ — ete™n/y
[9,10]. The same ISR method has been used by the BABAR
experiment [11]. The BELLE and KLOE Collaborations
report a search for a dark vector gauge boson decaying
to z7x~, where the dark vector gauge boson mass
spans a range from 290 to 520 MeV/c? [12] and 519 to
973 MeV/c? [13], respectively.

In this paper, using a sample of 1.31 x 10°J/y events
collected with the BESIII detector, we present the first
study of J/w — ya%’, which allows us to search for the
CP-violating decay of 5. — 7’7 and to search for a new
gauge boson [5] by investigating the yz°-mass spectrum.
Additionally, we present the most accurate measurement of
the J/yw — ' branching fraction [current BESIII meas-
urement value is (2.08 + 0.30 £ 0.14) x 107 [14]].

II. THE BESIII EXPERIMENT AND
MONTE CARLO SIMULATION

The BESIII detector is a cylindrical magnetic spectrom-
eter [15] located at the Beijing Electron Positron Collider
(BEPCII) [16], with an acceptance of charged particles and
photons of 93% over 4z solid angle. The BESIII detector
consists of a helium-based multilayer drift chamber
(MDQ), 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) magnetic field. The
solenoid is supported by an octagonal flux-return yoke with
resistive plate counter muon identifier modules interleaved
with steel. The charged-particle momentum resolution at
1 GeV/c is 0.5%, and the dE/dx resolution is 6% for the
electrons from Bhabha scattering. The EMC measures
photon energies with a resolution of 2.5% (5%) at
1 GeV in the barrel (end-cap) region. The time resolution
of the TOF barrel part is 68 ps, while that of the end-cap
part is 110 ps. Particle identification (PID) for charged
pions is performed by exploiting the TOF information and
the specific ionization energy loss, dE/dx, measured by the
MDC. The TOF and dE/dx information is combined to
form PID probability for the pion, kaon, and proton
hypotheses; each track is assigned to the particle type that
corresponds to the hypothesis with the highest probability.

Simulated samples produced with the GEANT4-based [17]
Monte Carlo (MC) package, which includes the geometric
description [18,19] of the BESIII detector and the detector
response, are used to determine the detection efficiency
and to estimate the backgrounds. The inclusive MC
sample consists of the production of the J/y resonance,
and the continuum processes incorporated in KKMC [20].
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The known decay modes are generated using the EVTGEN
package [21] using branching fractions taken from the
Particle Data Group (PDG) [22], and the remaining
unknown decays from the charmonium states with the
LUNDCHARM package [23]. The final-state radiations from
charged final-state particles are incorporated with the
PHOTOS package [24].

The three-body decay of J/w — yay without any
intermediate states is simulated with a model based on a
phase-space distribution of the final-state particles. The
decays of J/w — yn., U, vy, and wn are generated with
an angular distribution of 1 + cos? 0,, where 0, is the angle
of radiative photon relative to the positron beam direction
in the J/y-rest frame, while the subsequent 7.(1) decays
are generated with a phase-space model and the U'(w) —
yx° decay is modeled by a P-wave [21].

III. EVENT SELECTION

Candidates of J/y =y, —» ntan,7° = yr.n -
yy are required to have two oppositely charged tracks and at
least five photon candidates. All charged tracks must
originate from the interaction point with a distance of
closest approach less than 10 cm in the beam direction and
less than 1 cm in the transverse plane. Their polar angles, 6,
with respect to the beam direction are required to sat-
isfy |cos@| < 0.93.

Electromagnetic showers are reconstructed from clusters
of firing EMC crystals. The energy deposited in nearby
TOF counters is included to improve the reconstruction
efficiency and energy resolution. The showers of the
photon candidate must have a minimum energy of
25 MeV in the barrel region (|cosd,| < 0.80) and
50 MeV in the end-cap region (0.86 < |cosf,| < 0.92),
where 6, is the polar angle of the photon. To suppress
showers originating from charged particles, a photon
candidate must be separated by at least 10° from the
nearest charged track. To suppress noise and energy
deposits unrelated to the event, the time at which the
photon is recorded in the EMC after the e*e™ collision is
required to be within 0 < ¢ <700 ns.

After selecting the charged tracks and showers, a four-
constraint (4C) kinematic fit to the J/w — z "z~ 5y hypoth-
esis is performed using energy-momentum conservation.
For events with more than five photon candidates, the
combination with the smallest y3 is retained. To suppress
background events with six photons in the final states, the
X3¢ of the 7 7~ 5y hypothesis is required to be less than that
for the z* 7~ 6y hypothesis.

To distinguish the photon from z° and 5 decays, we

. M,,— - .
define the variable )(72[0'7 = ()2 + (M’z "1)2, This var-
bia n

iable is used to choose from the five photon candidates two
pairs of photons with two-photon invariant masses (M,,)

closest to the nominal z° (m,0) and 1 (m,) masses. ¢,0 (c,)

refers to the experimental mass resolution for a z° (1)
decay. The four-photon combination with the smallest
value for ;(]2[0” is chosen.

To improve the mass resolution and to further suppress
background events, we subsequently perform a five-
constraint kinematic (5C) fit imposing energy-momentum
conservation and an 7-mass constraint under the hypothesis
of 7t z~yyyn, where the 5 candidate is reconstructed with
the selected pair of photons as described above. Events with
a ;(%C less than 30 are accepted for further analysis.

To select z° candidates, the invariant mass of the two
photons from z° decay, M,,, must satisfy |M,, — mo| <
15 MeV/c?. To suppress background events with multi-z°
in the final states, we require that the invariant mass of the
radiative photon and any photon from the 7 decay is outside
the #°-mass region of [0.115,0.155] GeV/c?. To select 1/
candidates, we calculate for each event the #7777 invariant
mass, M+ ,-,, and require that |M , .-, —m,|<15MeV/c?,
where m,; is the nominal ' mass.

IV. SEARCH FOR 7, — 7%

After applying the selection criteria, we obtain the 7%’
invariant-mass distribution as shown in Fig. 1. No evident
n. peak is seen. We found that the dominant background
events are from decays with the #’ as an intermediate state,
such as J/w — ya%, J/w = oy, and J /yr — yif', and the
corresponding contributions are displayed in Fig. 1(a)
as well. Other background contributions (non-#’ back-
ground) are estimated from events for which the recon-
structed #' mass falls within the #'-sideband regions
(0.903<M,+,-,<0.933GeV/c* and  0.983<M i, ,<
1.013GeV/c?). The sum of the above contributions gives
a reasonable description of the data.

An unbinned maximum-likelihood fit is performed to
determine the signal yield as shown in Fig. 1(b). In the fit,
the probability density function (PDF) of the signal is
described by a MC simulated shape and the widths and
masses are fixed to the world average values taken from the
PDG [22]. The background shape from the J/w — yy/
channel is described with a MC simulated shape, and
the yield is fixed according to the published branching
fractions [22]. The other nonpeaking background is
described by a first-order Chebyshev polynomial function.
The signal yield is Ng, =7.2+7.6 and the statistical
significance of the #, signal is calculated to be 1.0c using
V=2 In( L/ L3580, where £ and £ are the maxi-
mum-likelihood values with the signal yield left free and
fixed at zero, respectively. In addition, to account for the
additive systematic uncertainties related to the fits, the fit
range and the background shape are varied and the
maximum signal yield among these cases is obtained as
shown in Fig. 1(b).
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The z°'-mass spectrum. The black dots with error bars are data. (a) The histogram with the red line represents the extracted

line shape of the signal process J/y — y1,.. The yellow area shows the MC distribution of J /yr — yz%, the green area corresponds to
the MC distribution of J/y — y#/, the blue area shows the MC distribution of J/y — w#/, and the gray area represents the non-#’
contributions obtained from ;'-sideband data. (b) Fit to the M, with a free signal yield. The red histogram shows the contribution of the
n. signal, the green dashed line represents the J/w — yi' (' = na'n~,n — yy) background contribution, and the pink dashed line
depicts other nonpeaking background contributions described by a first-order Chebyshev polynomial.

V. SEARCH FOR DARK PHOTON
IN U’ - yz° DECAY

Using the same selection criteria as used to search for
ne = 7', we study the yz%-mass (M) distribution as
shown in Fig. 2. A clear @ peak from J/y — wn’ decays
can be observed. There is also a small background con-
tribution from J/w — yi' decays which is smoothly dis-
tributed in the low-mass region of the M, distribution.
The contributions from non-#’ backgrounds are described
by events that are selected in the #’-sideband regions,
0.903 < M+ ,-, < 0.933 GeV/c? and 0.983 < M,i,-, <
1.013 GeV/c?.

We search for the U’ signal in steps of 10 MeV/c? in
the M, distribution ranging from 0.2 to 2.1 GeV/ c?
and excluding the mass region around the @ peak

L ——data
& B ' sideband

o Jy—ynon’
Vo2t Sy
% r -y
0] i

Al

S L

o
=
~

[2]

2

[

[0

>

L

02 04 06 08 1
M, (GeV/c?)

12 14 16 18 2

FIG. 2. The yz° invariant-mass spectrum. The black dots with
error bars are data. The various shaded histograms are described
in the caption of Fig. 1(a).

(0.75 to 0.82 GeV/c?). The mass resolution of a U’ signal
has been evaluated using signal MC events generated at 183
different U’-mass (M) hypotheses points with a negli-
gible width. Depending upon the U’ mass, the resolutions
vary in the range between 3.6 and 10.4 MeV/c?. We
perform a series of unbinned extended maximum-
likelihood fits to the M, 0 distribution to determine the
number of signal candidates as a function of My in the
interval of 0.2 < M, < 2.1 GeV/c?. The fit range is varied
with the different signal mass points. In general, the fit range
is [My — 0.1, My + 0.1] GeV/c?. To handle the threshold-
mass region and peaking background smoothly, the fit range
is [0.15, 0.35], [0.55, 0.75], [0.82, 1.02], and [1.95,
2.15] GeV/c? for 0.2 < My <0.35, 0.65 < M, <0.74,
0.83< My <092, and 2.05< My <2.1 GeV/c?,
respectively. The U’ signal and the tail of the w signal
are described by MC-simulated shapes, and the remaining
background contribution is modeled with a linear Chebyshev
polynomial. To take into account the additive systematic
uncertainties related to the fits, alternative fits with different
fit range and background shape are also performed, and the
maximum upper limit among these cases has been selected.
The number of extracted signal events, the significance, and
the detection efficiency as a function of M, are shown in
Fig. 3. The largest local significance defined as before is
computed to be 2.4 at M, = 1.78 GeV /c?, the correspond-
ing p-value is calculated to be 0.89. No significant signal for
U — ya° is found.

VI. BRANCHING FRACTION MEASUREMENT
OF J/y — oy

Figure 4 shows the mass distribution of M-, versus
M, 0. Events originating from the J/y — wy' decay are
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FIG. 3. (a) The number of extracted signal events, (b) Statistical

signal significance, and (c) the detection efficiency as a function
of M in the range of 0.2 < My, < 2.1 GeV/c?. The region of
the @ resonance is indicated by the gray band and excluded from
the U’ search.

clearly visible. To extract the number of wr’ events, an
unbinned extended maximum-likelihood fit using a two-
dimensional (2D) PDF including both variables, M+ ,-,
and M},ﬂo, with the requirements of 0.6 < M},”o <
1.0 GeV/c? and 0.908 < M +,-, < 1.008 GeV/c? is per-
formed. Assuming zero correlation between the two dis-
criminating variables M0 and M +,-,, the composite PDF

in the 2D fit is constructed as follows:

1.02

N
'

LN l.l

’

. IH.IIII
a

M,..., (GeV/c?)
o
3
\\\‘\\\‘\\\‘\\\‘\\\‘\\\

oy ST AN SN AFAVEPN I AT R B
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FIG. 4. A two-dimensional distribution of the reconstructed
at7 n and yz° masses. The size of each box scales with the
number of events found in that particular bin.

F:Nsigx (Fg;gF';g)

non—w s . hon—w
+kag X (Fsig Fbkg )

non—/ @ non—n/
+ Npe -+ X (Fsig " Fe )

non—wn/ non—w non—r/
+ kag X (Fbkg ’ Fbkg )’

where the signal shapes for the @ (F gi’g) and 1 (F Zi/g)
responses are modeled with a relativistic Breit-Wigner
function convoluted with a Gaussian function. The widths
and masses of the w and # are fixed in the fit. The
parameters of the Gaussian function are free in the fit. N,
is the number of J/y — wi, 0 — y2°, 5 = =771 signal
events. The backgrounds are divided into three categories,
namely non-w peaking background, non-#’ peaking back-
ground, and non-w#’ background. The parameters Ngﬁg"",

non—n/ non—awn/ .
Npge > and Ny, are the corresponding three back-

ground yields. The background shapes, Fip~ and F; Eﬁg_"',

related to M0 and M+ ,-,, respectively, are described by
first-order Chebyshev polynomials and all their corre-
sponding parameters are free in the fit.

The fit results in Ng, = 506 + 25 signal events. The
projection plots of the fit on the M,0 and M +,-,

distributions are shown in Figs. 5(a) and 5(b), respectively.

VII. SYSTEMATIC UNCERTAINTY

The sources of systematic uncertainties and their corre-
sponding contributions to the measurements of the upper
limits and branching fraction are summarized in Table 1.

The uncertainty of the number of J/y events is deter-
mined to be 0.54% by an analysis of inclusive hadronic
events in J/y decays [25].

The uncertainty of the MDC tracking efficiency for each
charged pion is studied by analyzing a nearly background-
free sample of J/w — pr events. The difference between
the data and MC simulation is less than 1.0% for each
charged track [26] whose value is taken as a systematic
uncertainty. Similarly, the uncertainty related to the PID
efficiencies of pions is also studied with the data sample,
J/w — pr, and the average difference of the PID efficien-
cies between data and MC simulation is determined to be
1.0% for each charged pion, which is then taken as the
corresponding systematic uncertainty. The photon detec-
tion efficiency is studied with the control sample J/y —
atn~7° [27]. The difference in efficiency between the data
and that predicted by MC simulations is found to be 0.5%
per photon in the EMC barrel and 1.5% per photon in the
end-cap part of the EMC. In our case, the uncertainty is on
average 0.6% per photon whose value is obtained by
weighting the uncertainties according to the angular dis-
tribution of the five photons found in our data sample.
Thus, the uncertainty associated with the five reconstructed
photons is 3.0%.
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FIG. 5. Projection plots of (a) M, and (b) M- -, distributions in the decay chain of J/y — on',w — ya°, ' — a7~ n. The dots
with error bars correspond to data; the solid curve shows the result of the fit including both signal and background distributions. The
long-dashed curve corresponds to the contribution of the w#’ signal, the dotted curve shows the contribution of the non-1’ peaking
background, the dot-dashed curve shows the contribution of the non-® peaking background, and the short-dashed curve represents the

non-wn background part.

The uncertainty associated with the 5C kinematic fits
comes from the inconsistency of the track helix parameters
between the data and MC simulation. The helix parameters
for the charged tracks of MC samples are corrected to
eliminate part of the inconsistency, as described in
Ref. [28]. We take half of the differences on the selection
efficiencies with and without the correction as an estimate
of the corresponding systematic uncertainties, which results
in 0.4%.

Due to the difference in the mass resolution between the
data and MC, the uncertainty related to the 7’ and 7° mass-
window requirements is investigated by smearing the MC
simulation in accordance with the signal shape of the data.

TABLE I. The systematic uncertainties for the (product) branch-
ing fractions of the two upper-limit studies (7, and U’) and of the
J/w — wn' channel. All values are given in percentage.

Source N, U J/w = oy
Number of J/y events 0.54 0.54 0.54
MDC tracking 2.0 2.0 2.0
Particle identification 2.0 2.0 2.0
Photon reconstruction 3.0 3.0 3.0
5C kinematic fit 0.4 0.4 0.4
7' mass window 0.2 0.2 0.2
7° mass window 1.1 1.1 1.1
MC efficiency 1.0 1.0 1.0
Fit range e e 1.8
Background shape e e 0.6
2D fit e e 1.4
70 veto 1.1 1.1 1.1
B(J/W—’V'h) 235
Blw — ya°) E e 3.4
By — ztxn) 1.6 1.6 1.6
B(n = yy) 0.5 0.5 0.5
B(z° — yy) 0.03 0.03 0.03
Total 24.0 4.9 6.4

The difference of the detection efficiency before and after
smearing is assigned as the systematic uncertainty for the #’
and 7° mass-window requirements and found to be 0.2%
and 1.1%, respectively.

The systematic uncertainty related to the finite statistics
used by the MC simulation to obtain the overall

e(l—e)

reconstruction efficiency is calculated as , where

€ is the detection efficiency and n is the number of
generated MC events of the signal process. The corre-
sponding systematic uncertainty is determined to be 1.0%.

The systematic uncertainties that affect the upper limits
on the branching fraction of 5, — #%’ and U’ — yz° are
considered in two categories: additive and multiplicative.
The additive systematic uncertainties on the fit range and
background shapes are already accounted for in the
analysis procedure that is applied to obtain the maximum
upper limit of the signal yield. Therefore, here we only
consider these uncertainties for the J/w — wn’ study. To
study the uncertainty from the fit range, the fit is repeated
with different fit ranges, and the largest difference in the
signal yield, 1.8%, is taken as the systematic uncertainty.
The uncertainty associated with the background shape in
the fits to the M, o distribution is estimated using alter-
native fits by changing the linear Chebyshev polynomial to
a second-order Chebyshev polynomial. The difference in
signal yield (0.6%) is taken as the systematic uncertainty.

The uncertainty associated with the 2D fits of the J/y —
wn' channel is estimated by taking all parameters as free
parameters in the fit. The change in signal yield (1.4%) is
taken as the systematic uncertainty. The systematic uncer-
tainty due to the z° veto is evaluated by varying the
requirement on the mass window, and the difference in
yield compared to the nominal choice (1.1%) is assigned as
the systematic uncertainty.

The branching fractions of the intermediate processes of
Jw = e, @ = ya°, ' = atzn, n = yy, and 2° = yy
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are taken from the PDG [22] and their errors are considered
as a source of systematic uncertainty.

For each case, the total systematic uncertainty is given by
the quadratic sum of the individual contributions, assuming
all sources to be independent.

VIII. RESULTS

Since no evident 7, signal is seen in M, , a Bayesian
method is used to obtain the upper limit of the signal yield at
the 90% C.L. To determine the upper limit on the 7. signal, a
series of unbinned maximume-likelihood fits are performed to
the 7°-mass spectrum with a varying number of expected 7,
signals. From this, we obtain the dependence of the like-
lihood on the number of signal events from which we extract
the upper limit, taking into account the multiplicative
systematic uncertainties as follows [29]:

A2

+o0 -5
ﬂ@_/ LB e ThedA. ()

Here, £5% and £’ are the likelihood curves before and after
the inclusion of the multiplicative systematic uncertainty.
B = (1 + A)B, where A is the relative deviation of the
estimated branching fraction from the nominal value, and
gy 18 the multiplicative systematic uncertainties given in
Table I.

The branching fraction for a particular decay process is
computed as

N.
BX—-Y)=—%,
X ~7) ex B

where N, is the number of extracted signal yield, e is the

signal selection efficiency, and B is the secondary branch-
ing fraction of the corresponding decay process.

The normalized likelihood distribution for J/y —
ye(n. — 7°') candidates is shown in Fig. 6. The upper
limit at the 90% C.L. of the signal yield (Ny;) and
detection efficiency are determined to be 19.0% and
9.3% respectively, resulting in a branching fraction
B(n. — 7%) of less than 5.6 x 107,

Due to no evident U’ signal seen in M, 0, we compute
the upper limit on the product branching fraction B(J/y —
U'n') x B(U" = %) at the 90% C.L. as a function of M
using a Bayesian method after incorporating the systematic
uncertainty by smearing the likelihood curve with a
Gaussian function with a width of the systematic uncer-
tainty as follows:

)2

e
mm@_/ce@eﬁk, 2)

where, £ and £ are the likelihood curves before and
after the consideration of the systematic uncertainty. €, €,

. L Ix10?
0.1 0.15

B(n—1"n)

0 0.05

FIG. 6. The distribution of the normalized likelihood scan for
J/w = yn.(n. — 7°') candidates. The blue and red curves
describe the smoothed likelihood curves before and after the
inclusion of the multiplicative systematic uncertainty. The blue
and red arrows show the upper limit on the signal yield
at 90% C.L.
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FIG. 7. The upper limit at the 90% C.L. on the product

branching fraction B(J/w — U'n') x B(U' - z°y). The region
of the w resonance indicated by the gray band is excluded from
the U’ search.

and o, are the detection efficiency, nominal efficiency, and
the absolute total systematic uncertainty on the efficiency,
respectively. As shown in Fig. 7, the combined limits on
product branching fraction B(J/w — U'y') x B(U' —
7)) are established at the level of (0.8-6.5) x 1077
for 0.2 < M <2.1 GeV/c

With a detection efficiency of 14.9% obtained from a
MC simulation, we obtain a branching fraction for the
J/w — on' process of (1.87 +0.09 £ 0.12) x 10~*, where
the first uncertainty is statistical and the second systematic.

IX. SUMMARY

Using a sample of (1310.6 +7.0) x 10°J/y events
collected with the BESIII detector, the decay of
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J/w — yi'a? is studied. We search for the CP-violating
decay n,— 7% and a dark gauge boson U’ in
J/w = Uy, U - ya°, z° - yy. No significant 7, signal
is observed in the z% invariant-mass spectrum, and the
upper limit on the branching fraction is determined to be
5.6 x 107 at the 90% C.L. Except for a clear » peak in the
y#° mass spectrum, no significant excess is seen for any
mass hypothesis in the range of 0.2 < M;» < 2.1 GeV/c?.
The upper limits on the product branching fractions are
calculated to be (0.8-6.5) x 1077 at the 90% C.L. Due to
lack of the theoretical predictions on the B(J/y — U'n’),
we do not present the upper limit on the coupling of the
dark vector gauge boson. In case of corresponding theo-
retical calculations in the future, we would like to present
the detailed information, e.g., the detection efficiency,
signal yield, and branching fraction, as shown in
Tables II and III in the Appendix. The detection efficiencies
increase first and then decrease, and the jumping of
individual points is within the range of statistical error.
In this case, it would be easy for readers or theorists to
extract the coupling in case the corresponding prediction is
available.

In addition, the branching fraction of J/w — wy is
measured to be (1.87 +0.09 & 0.12) x 10~*, where the
first uncertainty is statistical and the second systematic.
This result is consistent with the previously published
BESIII measurement but with an improvement in accuracy
by a factor of 1.4.
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APPENDIX

TABLE II.  The results of signal yield (N, ), the upper limit at
the 90% C.L. of the signal yield (Nyp), efficiency (¢), and
branching fraction (B) as a function of M.

MU’ Nsig NUL € (%) B( 10_7)
0.20 —10.00 2.50 11.63 1.19
0.21 -1.74 3.80 12.10 1.52
0.22 3.12 7.20 12.52 2.94
0.23 4.84 9.20 12.84 3.58
0.24 1.64 5.90 13.14 2.10
0.25 =174 3.30 13.58 1.36
0.26 —0.82 4.30 13.92 1.65
0.27 1.83 6.00 14.20 1.94
0.28 -0.53 5.30 14.47 1.91
0.29 -0.44 4.30 14.69 1.57
0.30 —1.55 4.20 14.92 1.54
0.31 -0.61 4.70 14.92 1.54
0.32 —0.70 4.60 15.33 1.50
0.33 —-1.42 5.00 15.33 1.50
0.34 1.29 5.70 15.52 1.78
0.35 —1.39 5.70 15.54 1.78
0.36 1.86 6.70 15.57 2.07
0.37 1.22 6.70 15.66 2.06
0.38 0.43 5.90 15.69 1.76
0.39 0.77 6.30 15.91 2.02
0.40 0.07 5.40 15.82 1.74
0.41 -1.73 4.70 15.98 1.44
0.42 -0.32 5.80 15.94 1.73
0.43 2.71 7.60 16.12 2.28
0.44 1.88 7.40 15.94 231
0.45 1.41 6.80 15.98 2.02
0.46 2.25 7.50 16.15 2.28
0.47 1.99 7.20 16.22 227
0.48 0.06 5.40 16.13 1.71
0.49 -2.79 4.30 16.03 1.44
0.50 —-1.42 3.80 15.86 1.16
0.51 —10.00 2.80 16.12 0.86
0.52 —7.47 3.00 15.88 0.87
0.53 0.65 5.40 15.89 1.74
0.54 2.17 6.70 15.70 2.05
0.55 2.28 7.80 15.76 2.33
0.56 3.89 8.40 15.87 2.61
0.57 0.54 5.80 15.65 1.76
0.58 —10.00 3.40 15.64 1.18
0.59 -2.31 3.40 15.60 1.18
0.60 -2.24 4.00 15.61 1.18
0.61 -1.17 4.20 15.50 1.48

(Table continued)
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TABLE 1I. (Continued)

TABLE II. (Continued)

My Nsig Ny € (%) 8(10_7) My Nsig Ny € (%) 8(10_7)
0.62 —7.38 3.20 15.53 1.19 1.12 5.65 12.10 13.76 4.35
0.63 —3.06 3.20 15.31 1.20 1.13 6.38 12.70 13.82 4.33
0.64 -3.29 4.10 15.40 1.49 1.14 2.24 9.20 13.71 3.36
0.65 -3.29 4.40 15.21 1.51 1.15 —1.88 6.50 13.69 2.35
0.66 -2.95 5.40 1542 1.79 1.16 —0.08 6.90 13.63 2.36
0.67 0.25 6.90 15.25 2.11 1.17 1.26 7.20 13.67 2.69
0.68 -2.36 6.20 15.26 2.11 1.18 -3.22 4.90 13.79 1.67
0.69 —1.88 6.70 15.22 2.12 1.19 —7.40 4.20 13.54 1.70
0.70 —-0.82 6.90 15.16 2.12 1.20 -2.07 5.00 13.64 1.69
0.71 —4.64 6.60 15.22 2.12 1.21 —2.78 5.20 13.71 2.01
0.72 0.37 8.50 15.06 2.75 1.22 —2.57 5.60 13.48 2.05
0.73 3.69 12.40 15.08 3.97 1.23 0.62 7.00 13.58 2.71
0.74 12.38 19.90 15.15 6.38 1.24 —0.75 6.60 13.62 2.37
0.83 4.64 12.10 14.72 4.06 1.25 -1.74 6.00 13.62 2.03
0.84 1.57 10.10 14.68 3.45 1.26 -1.94 6.20 13.44 2.40
0.85 —8.30 6.60 14.50 222 1.27 0.31 7.10 13.45 2.74
0.86 -1.23 8.10 14.79 2.80 1.28 0.89 8.30 13.47 3.07
0.87 —-1.40 8.10 14.45 2.87 1.29 2.61 9.00 13.43 3.08
0.88 -3.14 7.40 14.41 2.55 1.30 —-0.49 7.10 13.26 2.77
0.89 1.43 10.30 14.20 3.56 1.31 -3.31 6.10 13.35 241
0.90 7.34 14.90 14.39 4.80 1.32 2.85 9.80 13.38 3.44
0.91 5.66 13.30 14.44 4.46 1.33 7.50 14.10 13.29 5.19
0.92 —0.98 8.30 14.39 2.88 1.34 7.22 13.90 13.21 4.87
0.93 —-1.56 7.50 14.25 2.58 1.35 2.18 9.30 13.24 3.48
0.94 —0.60 7.50 14.20 2.59 1.36 0.06 7.60 13.46 2.74
0.95 -5.33 5.10 14.24 1.94 1.37 2.04 8.90 13.09 3.16
0.96 -9.37 4.10 14.21 1.62 1.38 2.38 8.60 13.05 3.17
0.97 —2.67 5.90 14.26 1.94 1.39 -1.23 7.20 13.23 2.78
0.98 —2.55 6.30 14.14 2.28 1.40 0.41 7.10 13.03 2.82
0.99 -2.81 6.60 14.10 2.28 1.41 —0.45 6.70 12.99 2.48
1.00 2.01 9.20 14.08 3.27 1.42 —2.84 5.00 12.92 2.14
1.01 3.87 10.90 14.30 3.54 1.43 —5.48 4.00 13.02 1.77
1.02 4.89 12.20 14.15 4.23 1.44 —4.84 3.70 12.77 1.44
1.03 5.66 13.10 13.92 4.63 1.45 -5.94 3.30 13.01 1.41
1.04 8.32 15.40 14.24 5.17 1.46 —-3.24 4.40 13.01 1.77
1.05 6.43 13.50 13.95 4.62 1.47 -0.22 6.20 13.03 2.47
1.06 1.38 8.90 13.84 2.99 1.48 1.15 7.80 12.65 291
1.07 —4.23 5.00 13.88 1.66 1.49 5.22 11.20 12.63 4.37
1.08 —-10.00 3.10 13.97 1.32 1.50 6.18 11.90 12.90 4.28
1.09 -7.37 3.30 14.04 1.31 1.51 1.47 7.90 12.70 2.90
1.10 —2.69 5.20 13.87 1.99 1.52 -1.71 5.70 12.66 2.18
1.11 —0.08 7.40 13.72 2.68 1.53 0.54 6.60 12.64 2.55

(Table continued)
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TABLE III.  The results of signal yield (Ng,), the upper limit at ~ TABLE Il (Continued)
the 90% C.L. of the signal yield (Nyp), efficiency (e), and
branching fraction (B) as a function of M. My Niig NyL € (%) B(1077)
7 1.81 -1.16 6.30 11.87 2.71
My Niig Nu ¢ (%) BUOT) 1) -2.98 5.50. 11.86 2.33
1.54 1.83 7.80 12.74 2.89 1.83 0.40 6.50 11.90 2.71
1.55 1.17 7.30 12.53 2.94 1.84 —-4.02 5.50 11.93 2.31
1.56 —0.82 6.40 12.61 2.55 1.85 3.49 9.40 11.81 3.90
1.57 0.97 7.20 12.67 2.90 1.86 2.13 8.60 11.83 3.50
1.58 0.45 6.30 12.29 2.62 1.87 —0.09 6.50 11.83 2.72
1.59 —6.66 4.00 12.64 1.82 1.88 -2.10 5.60 11.77 2.35
1.60 -3.25 4.00 12.36 1.86 1.89 -0.87 5.70 11.88 2.32
1.61 —0.25 5.10 12.46 2.22 1.90 -1.33 5.40 11.64 2.37
1.62 -5.50 4.10 12.53 1.84 1.91 1.01 6.80 11.76 2.74
1.63 -1.97 5.40 12.36 2.23 1.92 -1.97 5.00 11.86 1.94
1.64 4.89 10.40 12.39 4.08 1.93 —4.30 4.20 11.56 1.99
1.65 5.42 11.00 12.42 4.45 1.94 3.36 8.40 11.56 3.58
1.66 0.09 6.60 12.29 2.62 1.95 0.17 7.00 11.81 2.73
1.67 -2.54 4.60 12.25 1.88 1.96 2.27 7.20 11.83 3.11
1.68 -3.04 4.10 12.16 1.89 1.97 -0.77 5.10 11.70 2.36
1.69 —6.16 3.30 12.23 1.50 1.98 -0.75 5.10 11.69 2.36
1.70 —6.10 3.80 12.28 1.50 1.99 -1.55 4.70 11.66 1.97
1.71 2.02 8.00 12.21 3.02 2.00 —-1.37 4.30 11.88 1.94
1.72 3.78 9.80 12.09 3.80 2.01 —-0.58 4.90 11.69 1.97
1.73 -0.27 6.90 11.98 2.69 2.02 2.87 7.80 11.66 3.16
1.74 -1.77 5.30 11.99 2.30 2.03 2.98 7.70 11.66 3.16
1.75 —6.06 4.10 11.82 1.95 2.04 —-1.23 4.40 11.58 1.99
1.76 -0.77 6.40 11.91 2.70 2.05 -1.79 3.80 11.90 1.55
1.77 5.97 12.30 12.10 4.94 2.06 0.83 5.00 11.72 2.36
1.78 9.23 16.00 12.05 6.49 2.07 1.01 5.30 11.74 2.35
1.79 6.93 13.40 12.05 5.34 2.08 0.44 4.80 11.55 1.99
1.80 0.85 8.00 12.03 3.06 2.09 1.83 5.70 11.67 2.36
2.10 2.02 6.20 11.85 2.72

(Table continued)
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