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I. INTRODUCTION

The study of electromagnetic (EM) Dalitz decays of a
vector meson (V = p, , ¢, J /) into a pseudoscalar meson
(P =7°n,1') and a lepton-pair, V — £T¢"P (£ = e, p),
plays an important role in revealing the structure of hadrons
and the interaction mechanism between photons and hadrons
[1]. These decays proceed via V — y*P in which the virtual
photon y* subsequently converts into a lepton pair. Assuming
the mesons to be pointlike particles, the dilepton invariant
mass (m+,-) dependent decay rate of V — #T¢~ P can be
described by quantum electrodynamics (QED) [2]. Any
deviation from the QED prediction, caused by the dynamics
of the EM structure arising at the V — P transition vertex, is
formally described by a transition form factor (TFF) [1]. The
dependence of the differential decay rate of V — P£T#~ on
the four-momentum transfer squared ¢* = m>. ,_ is para-
metrized as [1]

dr(V — PC*¢7)  2a (1 _4_m§> 1/2<l +2_m;>

dqU(V = Py)  3zq ¢ ¢

[<1+ 9’ >2_ amyq’ r”
my —mp)  (my, = m})’

X |Fyp(q*))?
= [QED(¢*)] x |Fyp(q?)

2 (1)
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where QED(g?) is the QED predicted ¢* dependent decay
rate, « is the fine structure constant, Fyp(g?) is the ¢>
dependent TFF, and m,, my and mp are the masses of
leptons, V and P mesons, respectively.

The TFFs of light mesons contribute to the hadronic
light-by-light (HLBL) corrections [3] to the theoretical
determination of the muon anomalous magnetic moment,
a, = (g, —2)/2, which provides a low-energy test of the
completeness of the standard model (SM) [4,5].
Experimentally, it can directly be accessible by comparing
the m,+,- spectrum of Dalitz decays V — £7£~ P with that
of the pointlike QED prediction [1]. Within the vector
meson dominance model (VMD) [6], the TFF is mainly
governed by the coupling of the y* to the V meson via an
intermediate vector (V') meson in the timelike region, and
is commonly expressed as a multipole function in the
charmonium mass region [7]

e,

Fyp(¢?) =N) Ay ; ’
; my, — q* — ilymy,

2)
where N is a normalization constant ensuring that
Fyp(0) =1, V' denotes the intermediate resonances p,
, ¢, and charmonium vector mesons, my, I'y» and Ay are
the corresponding masses, widths and the coupling con-
stants. The contribution of vector mesons with masses
above (my — mp), nonresonant contribution, is often
represented as

1

Fyp(q®) = m

3)

where A is an effective pole mass. The inverse square value
A~ reflects the slope of the TFF at g*> = 0.

The EM Dalitz decays of light unflavored vector mesons
p, @ and ¢ are well established by several collider and
nuclear physics experiments [8—12]. The BESIII collabo-
ration reported the first measurements of the branching
fractions of J/y — e*e™P and the TFF of J/yy — ete™if
using a data sample of 225 million J/y events [13]. The
results agree well with the VMD predictions based on a
simple pole approximation [14] within the statistical
uncertainties. BESIII has recently accumulated 5 times
more statistics of the J/y data set [15], which can be used
to improve the precision of these measurements and enable
measurement of the TFFs of J/y — ete™P.

The EM Dalitz decays can also be utilized to search for a
hypothetical dark photon, y’, via the decay chain
J/w = y'P,y — £7¢~ [14,16]. The y’ is a new type of
force carrier in the simplest scenario of an Abelian U(1)
interaction under which dark matter particles are consid-
ered to be charged [17-19]. A y’ with mass below twice the
proton mass can explain the features of the electron/
positron excess observed by the cosmic ray experiments
[20-23]. A dark photon with such a low mass can also

explain the presently observed deviation of a, up to the
level of (3—4)o between the measurement and SM pre-
diction [19]. The y’ couples with the SM photon through its
kinetic mixing with the SM hypercharge field [24]. The
coupling strength between the dark sector and the SM, e, is
parametrized as € = o/ /a, where o' is the fine structure
constant in the dark sector. A series of experiments have
reported null results in y’ searches, including the a, favored
region, and have constrained the e values as a function of y’
mass to be below 1073 [25-27]. More experimental
information about the y’ searches via new decay modes,
such as J/y — ¥’ P, might be helpful to understand some
other possible scenarios of the y’ coupling to the SM [28].
In this paper, we present a study of the EM Dalitz decays
J/w — eTe™n and search for dielectron decays of a dark
photon through J/y — y'n using (1310.6+7.0)x10°J /y
events collected with the BESIII detector [15].

II. THE BESIII EXPERIMENT AND
MONTE CARLO SIMULATION

The BESIII detector is a general purpose spectrometer
containing four major detector subcomponents with a geo-
metric acceptance of 93% of the total solid angle as des-
cribed in Ref. [29]. A helium-based (60% He, 40%C5Hy)
multilayer drift chamber (MDC), which contains 43 layers
and operates in a 1.0 T (0.9 T) solenoidal magnetic field
for the 2009 (2012) J/w data, is used to measure the
momentum of the charged particles. Charged particle
identification (PID) is based on the energy loss (dE/dx)
in the tracking system and the time-of-flight (TOF)
measured by a scintillation based TOF detector containing
one barrel and two endcaps. A CsI(TI) based electromag-
netic calorimeter (EMC) is used to measure the energies of
photons and electrons, while a muon counter containing
nine (eight) layers of resistive plate chamber counters
interleaved with steel in the barrel (endcap) region is used
for muon identification.

Monte Carlo (MC) simulated events are used to optimize
the event selection criteria, to study the detection accep-
tance and to understand the potential backgrounds. The
GEANT4 [30] based simulation package contains the infor-
mation about the detector geometry and material descrip-
tion, the detector response and signal digitization models,
as well as the records of time dependent detector running
conditions and performance. An MC sample of 1.225 bil-
lion inclusive J/y decays is generated for the background
studies with the EVTGEN generator [31] for the known J/y
decay modes with the branching fractions set to their world
average value taken from Ref. [32], and the LUNDCHARM
package [33] for the remaining unknown J/y decay
modes. The KKMC event generator package [34] is used
to simulate the production of the J/y resonance via e™e™
annihilation, incorporating the effects of the beam energy
spread and initial-state-radiation (ISR).
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The angular distribution of the decay J/y — eTe™n is
simulated according to a combined formula of Eqs. (4) and
(6) of Ref. [14], where the dependence on the cosine of the
n meson polar angle in the J/y rest frame (cos®,) is
parameterized by (1 + a, cos? 6,) with ay = 1.0 measured
from the data as described in Sec. III B to take into account
of the J/w polarization state in the ete™ annihilation
system, and the TFF is assumed to follow Eq. (3) with
A = 2.84 GeV/c? measured in this analysis also described
in Sec. Il B. The J/w — y'n decay is modeled by a helicity
amplitude model and Y’ — ete™ decay by a model of a
vector meson decaying to a lepton-pair [31].

III. DATA ANALYSIS

In this analysis, the # meson candidates are reconstructed
using the dominant decay modes 5 — yy and § — 727~ 7",
where the 7° meson is reconstructed with a yy pair. We
select events of interest with two (four) charged tracks with
zero net charge in the 7 — yy (3 — 72~ 2%) decay and at
least two good photon candidates. The charged tracks are
required to be measured in the active region of the MDC,
|cos 8] < 0.93, where 6 is the polar angle of the charged
tracks. They must also have the points of closest approach
to the beam line within £10.0 c¢m from the interaction point
in the beam direction and within 1.0 cm in the plane
perpendicular to the beam. A PID algorithm, based on
energy loss dE/dx in the MDC, TOF information, and
energy deposited in the EMC, is performed to identify
electrons. An electron—positron pair is required for the
selected events. In the decay J/y — eTe™n, n — ntn~ 7",
the additional two charged tracks are assumed to be =z
candidates without any PID requirement.

The photon candidates are reconstructed from the
clusters of energy deposits in the EMC that are separated
from the extrapolated positions of any charged tracks by
more than 10 degrees. The energy of each photon candidate
is required to be larger than 25 MeV in the EMC barrel
region (|cosd,| < 0.8) or 50 MeV in the EMC endcap
regions (0.86 < |cos®,| < 0.92), where 6, is the polar
angle of the photon. To improve the reconstruction effi-
ciency and energy resolution, the energy deposited in
nearby TOF counter is taken into account. The photons
reconstructed poorly in the transition region between the
barrel and the endcaps are discarded. The EMC timing is
required to be within the range of [0, 700] ns to suppress
electronic noise and energy deposits unrelated to the event.

The selected charged tracks are constrained to originate
from a common vertex point by requiring a successful
vertex fit. In order to improve the resolution and further
suppress the background, a four-constraint (4C) kinematic
fit that imposes overall momentum and energy conserva-
tion is implemented for the selected charged tracks
and additional two photons under the hypothesis of
J/w — ete (n"zn)yy. The chi-square of the kinematic

fit, y3c, is required to be less than 100, which rejects about
30% of the background events with a loss of the 10% of the
signal events. If there are more than two good photons in an
event, we try all the yy combinations, and the one with the
least y3c is chosen. The kinematic variables after the 4C
kinematic fit are used in the further analysis. In the decay
mode 5 — 7zt 72, the z° candidate is reconstructed with
two selected photons by requiring m,, within the range of
[0.08, 0.16] GeV/c?. The 5 candidate is reconstructed with
the selected yy or z7z~7°, respectively, and the corre-
sponding masses (m,, and m,:,-,0) are required to be
within the range [0.45,0.65] GeV/c>.

With the above selection criteria, the peaking back-
ground, which contains an # signal in the final state, is
dominated by the events of the radiative decay J/y — yn
followed by the conversion of the radiative photon into an
ete™ pair in the detector material. In order to suppress this
background, a photon-conversion finder algorithm [35] is
exploited to reconstruct the photon-conversion vertex point.
The distance from the conversion vertex point to the origin

in the x-y plane, &,, = \/R% + R%, is used to separate the

signal from the gamma conversion events, where R, and R,
refer to the coordinates of the reconstructed vertex point
along the x and y directions, respectively. The scatter plot of
R, versus R, from the simulated y conversion background
MC sample J/w — yn and the signal MC sample J/y —
ete™nis shown in Fig. 1(a), where the circles with radius of
3.5 cm and 6.5 cm correspond to the positions of the beam
pipe and inner wall of the MDC, respectively. The
corresponding distributions of &,, from the signal and
background MC samples, as well as data events are shown
in Fig. 1(b). The 4y, is then required to be less than 2 cm to
remove around 98% of the y conversion events from
J/w — yn decay, while retaining about 80% of the signal
events J/y — eTen.

In the decay mode 1 — yy, the background is dominated
by the non-peaking background from the QED processes

10
(@) __beam pipe 200} (b) —+ Data
3 ; b = " signal MC
—_ 5 g 1501 7 conv. MC
£ -
S of € 100
=
< 8
5} gl £ s0),
-10 : Innler MDCI wall w 0 |
-10 -5 0 5 10 0 2 4 6 8 10

R, (cm)

dyy (cm)

FIG. 1. (a) Scatter plot of R, versus R, for the simulated
background MC events of J /s — yn (black dot points) and signal
MC events of J/y — e*e™n (green dot points), and (b) &,,
distribution of signal MC (green dashed line), y conversion
background MC events (black line) and data (red dot error
points). The requirement on &,, is shown by a solid blue arrow.
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FIG. 2. Spectrum of m,+,- from data (black error dot points),
signal MC (red), 5 side-band data (yellow), J/w — yn MC
(green), J/w — ztn~n MC (orange), J/w = pn, p—>n'n~
MC (pink), J/yw — pn, p — et e~ MC (brown), J/w — wn, @ —
atx~ MC (blue), J/y — on, ® — eTe™ MC (teal), J/y — ¢n,
¢ — eTe” MC (brown), and combined data of MC and side-band
(cyan) for the decay modes (a) n — 777~ z° and (b) = yy.

ete” - etey(y) and ete” — 3y in which one of the
photons converts into an eTe~ pair. Since the 7 meson
decays isotropically, the cosine of the helicity angle
(cos Oy;), defined as the angle between the direction of
one of the photons and J/y direction in the # rest frame,
is expected to be uniformly distributed for signal events
and to peak near cosf; = £1 for the background from
QED processes. Thus a requirement |cos ;| < 0.9 is
implemented in the decay mode n — yy to suppress the
non-peaking QED background.

After applying the above selection criteria, the distribu-
tion of the dielectron invariant mass m,+,- of surviving
events (within the 7 signal region [0.51,0.58] GeV/c?) is
shown in Fig. 2. Besides the EM Dalitz decay of interest,
J/w — ete™n, small signals of J/y — Vi (V =p,w,P)
with V subsequently decaying into e™e™ pair are observed.
Detailed MC studies indicate that the remaining peaking
background is dominated by J/w — yn with y converting
into an e*e™ pair, which accumulates in the low region of
the m,+,- distribution. There are also small contributions
of the peaking background of J/w — p/wn with p/w
subsequently decaying into a z "z~ pair and the direct
three body decay J/w — n"z7n, in which the z*z~ are

misidentified as an e™ e~ pair. The nonpeaking background,
which is smoothly distributed in the high mass region of
the m,+,- distribution, is almost negligible in the decay
mode n — 7~ z°, but sizable in the decay mode n — yy
dominated by the radiative Bhabha e*e™ — ye™e™ process.
The distributions of signal and individual background
components are also depicted in Fig. 2. Here, the peaking
backgrounds are estimated with the MC simulation nor-
malized according to the branching fraction quoted from
the PDG [32]; the three body decay J/w — ntz7n is
simulated in accordance with the amplitude of J/y —
#tz~n' [36]; the non-peaking backgrounds are estimated
with the events of data in the 7 sideband regions, which are
defined as [0.42,0.50] GeV/c? and [0.59,0.70] GeV/c?.

A. Branching fraction measurement for
the EM Dalitz decays J/yw — e*e 7

In order to suppress the peaking background from
J/w — Vi with meson V decaying into either the
ete™ or the #7z~ final state, the candidate events within
regions of 0.65 <m,:,- <0.90GeV/c? or 0.96 < m,+, <
1.08 GeV/c? are discarded. The number of remaining
peaking background events, estimated by the MC simu-
lation, for both # decay modes after this requirement is
summarized in Table 1.

In the decay mode 1 — yy, a sizable nonpeaking back-
ground, which is dominated by the radiative Bhabha
events eTe~ — ye"e” and smoothly distributed in the high
region of the m,+ .- distribution, is suppressed by applying
the further requirement p,. < 1.45 GeV/c for m,+, >
0.5 GeV/c?, where p,- is the momentum of the e* charged
tracks. Other sources of peaking background are negligible
in both 1 decay modes.

To determine the signal yields, we perform an unbinned
extended maximum likelihood (ML) fit to the m,, and
M+ -0 distributions, individually. In the fit, the probability
density function (PDF) of the # signal is described with the
corresponding signal MC simulated shape convolved with
a Gaussian function with parameters that are left free during
the fit to take into account the resolution difference between
the data and MC simulation. The shape of the nonpeaking

TABLE 1. The remaining number of peaking background
events in both the # decay modes, where uncertainties are
negligible.

+ 0

Decay process n-yy n—oatrx
Jlw —>pn,p—nata 2.3 0.6
J/w = pn, p—ete 0.4 0.1
J/w = on, 0 -t x” 0.1 0.0
J/w = on, @ — ete” 0.1 0.0
J/w = ¢n, ¢ - ete 0.4 0.1
J/w = atay 52 1.9
J/yw =y 61.4 19.5
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FIG. 3. Results of the unbinned ML fits to the distribution of

(@) My, and (b) m,,, respectively. The non-peaking back-
ground contribution is shown by a red dashed curve, the peaking
background contribution by a green dashed curve, the signal
distribution by a pink dashed curve and the total fit result by a
solid blue curve.

background is described by a first order Chebyshev
polynomial function with free parameters in the fit. The
shape of the peaking background is described by that of
MC simulation of the background J/w — yn, and the
corresponding expected number of events is fixed during
the fit. The ML fit yields Ng, =594.9 +£25.3 and
1877.2+76.1 events for the decay modes n — 7tz~z°
and 5 — yy, respectively. The corresponding fit curves
are shown in Fig. 3. The statistical uncertainty of the
extracted signal yield in n — yy slightly degrades compared
to the previous BESIII measurement [13]; this is because
the ML fit to the m,, distribution is now performed in the
full m,+,- range instead of m,+,- < 0.5 GeV/c? range as
required by the previous measurement to avoid the large
contamination from the radiative Bhabha background.

B. Transition form factor

Due to large contamination from the radiative Bhabha
process in the high m, - region in the decay mode  — yy,
only the events from the 7 — 7" 7~z decay are used for
the TFF study. The vicinities of @ and ¢ in the m,+,-
distribution are also explored, and the resonant contri-
bution of J/yw — Vi, V — ete™ is considered as a signal
in the TFF measurement. Due to limited statistics in the
high mass region as seen in Fig. 2, the TFF is extracted
bin-by-bin from the efficiency and branching fractions
corrected signal yields for the bin sizes of 0.10 GeV/c?

between 2m, < m,+,- < 1.10 GeV/c?, 0.12 GeV/c?
between 1.10 < m,+,- < 1.34 GeV/c?, 0.14 GeV/c?
between 1.34 < m,+,- < 1.90 GeV/c?, 0.16GeV/c?

between 1.90 < m,+,- < 2.06 GeV/c? and 0.17 GeV/c?
in the remaining m,+,- regions with a total 20 bins, where
m, is the mass of the electron. The signal yield in each
bin of m,+,~ is extracted by performing ML fits to the
m .+ - distribution as described in Sec. Il A. The peaking
background contribution from the J/w — yn exists
only in the first and second bins of m,+,-. All the
peaking background contributions including J/y — yn,

i ZINDF = 3.05/ 7
r +0.0
L o, =1.047
600 - N =330.21 + 13.58
2 400
5 L
>
G L
200 —
I | . | I
073 05 0 05 1
cosel1

FIG. 4. Fit to the efficiency corrected signal yield versus cos 8,
for data in the 7 — 772~ 2° decay mode. The black dots with
error bar are data, which include both statistical and systematic
uncertainties, and the solid red curve shows the fit results.

J/w = plon (p/w = ztz~) and J/y — x7n 7y are esti-
mated with the MC simulation and subtracted from the
extracted signal yield from the ML fit in each bin.

The signal efficiency for the TFF measurement is
calculated by the signal MC sample generated according
to the method discussed in Sec. II, but with a constant TFF
of Fy,,(m% ) = 1.0. The angular distribution parameter
ag, used as an input parameter in this signal MC simulation,
is evaluated after extracting the cos®, dependent signal
yield with a step size of 0.2 between —0.9 < cos 6, < 0.9
using a similar procedure of the ML fit mentioned
above. Figure 4 shows the efficiency corrected signal yield
versus cos 6, data and a fit with N/(1 4 a4 cos® 6,), where
N is a normalization constant and the efficiency for this
study is evaluated after generating the simulated signal MC
events with a flat distribution in cos®,. The angular
distribution parameter a, is determined to be l.Ofgjg with
a condition of 0 < |ay| < 1.0 to satisfy the theoretical
constraints [37].

Table II summarizes the background subtracted fitted
N, and branching fractions B(J/y — e*e™n)" for all 20
bins. The branching fraction of J/y — eTe™n is computed
using

~a @)

BU/w—etern) = Ny, -E-B(j— F)
W

where £ is the signal selection efficiency, B(n — F) is
the branching fraction of subsequent 7 decays taken from
the PDG [32] and N, = (1310.6 £7.0) x 107° is the
number of J/y events from Ref. [15]. The distribution
of B(J/w — eTe™n)" normalized to the m,+,- bin size
superimposed with the QED predicted branching frac-
tions, computed using the formula of Eq. (1), is shown
in Fig. 5.
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TABLE 1I.  Fitted N!

sig?

differential branching fraction B(J/y — e*e™5)" and the TFF |F(¢?)

2 described in

Sec. V, for all 20 bins. The first uncertainty is statistical and the second systematic discussed in Sec. IV.

me: o~ (GeV/c?) N B(J/w = eTen)’ (1077) F(¢*)]?

[2m,,0.1] 302.7 £ 18.1 £19.2 84.6 :51+£54 1.12 £0.07 £ 0.07
[0.1, 0.2] 609 +£7.84+39 13.3+£1.7+0.8 1.13 £0.15 £ 0.07
[0.2, 0.3] 404 +6.6£2.6 744+12+05 1.09 +0.18 £ 0.07
[0.3, 0.4] 320£57+£20 584+1.0+04 1.21 +£0.22 £0.08
[0.4, 0.5] 20.6 4.6 £1.3 3.7+0.8+0.2 1.00 £ 0.22 4+ 0.06
[0.5, 0.6] 31.6 £57+£2.0 56+1.0+04 1.92 +£0.34 +0.12
[0.6, 0.7] 182+454+1.3 32+£0.8+0.2 1.33 £0.33 +0.09
[0.7, 0.8] 298 +£57+19 52+1.0+03 2.61 £0.50£0.17
[0.8, 0.9] 19.1+45+1.2 32+£0.8+0.2 1.914+045+0.12
[0.9, 1.0] 144+£39+09 254+0.7+0.2 1.72 £0.46 £ 0.11
[1.0, 1.1] 198 +£4.6+12 344+0.8+0.2 2.74 £0.64 £0.17
[1.1, 1.22] 146 +42+1.0 25+0.7+02 1.94 £0.56 +0.13
[1.22, 1.34] 16.8 4.1+ 1.1 29+0.7+02 275 +0.68 £0.17
[1.34, 1.48] 97+32+0.6 1.6 £0.54+0.1 1.61 £0.53 £0.10
[1.48, 1.62] 124 +£3.6+0.8 2.14+0.64+0.1 2.62 £0.77 £0.16
[1.62, 1.76] 6.3+274+0.6 1.1 +£0.5=+0.1 1.74 £0.75 £ 0.16
[1.76, 1.90] 9.1+3.14+0.6 1.5+054+0.1 3.15+1.09 £0.20
[1.90, 2.06] 102 £3.7+0.6 19+£0.7+0.1 4.86 £1.74 + 0.30
[2.06, 2.23] 7.6 £28+0.5 1.6 £0.6 +0.1 5.96 +£2.22 +£0.38
[2.23, 2.40] 57+£27+04 1.24+0.6+0.1 8.84 +£4.12 +0.65

C. The dark photon search in J/y — y'n decays

The dark photon search is performed in the full m,+,-
spectrum using the surviving event candidates within the 7
mass window [0.51,0.57] GeV/c? of two 5 decay modes.
A series of unbinned extended ML fits to the m+,-
distribution is performed to determine the signal yields
as a function of m, in the interval of 0.01 <m, <
2.40 GeV/c*. In the fit, the signal PDF is the sum
of two Crystal Ball (CB) functions, which have
common mean and width values, but opposite side tails.
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FIG. 5. Differential branching fraction J/y — eTe™n as a
function of m,+.-. The black dots with error bars are experimental
data, where the error bars include both statistical and systematic
uncertainties, and the gray dots with error bars are the MC
prediction based on the pointlike QED calculation.

The parameters of the CB are extracted and extrapolated
from the simulated signal MC events generated for 27
assumed m, points while assuming the width of the y’ to be
negligible in comparison to the experimental resolution.
The background PDF is described by a composite function
of polynomial and exponential functions, f(m,+,-) =
Co Myto- + ¢y -m2, - + €™ for my < 0.2 GeV/c?,
while a second order Chebyshev polynomial function is
used in the remaining region. The signal selection effi-
ciency and resolution vary in the range of (5.0-37.0)%
((3.0-18.0)%) and 3—8 MeV/c?, for the decay mode of
n — yy (ntn~z°), respectively, depending on the momen-
tum of the e* tracks.

We search for the y’ signal in steps of 2 MeV/c?
in the m,+,~ distribution ranging from 10 MeV/c? to
2.4 GeV/c? excluding the vicinities of the @ and ¢ signals.
The parameters of the signal PDF are kept fixed, while the
parameters of the background PDF, the number of signal
events (N,) and background events are determined by the
fit. In order to address the fit problem associated with low-
statistics, a lower bound of N, is imposed with a require-
ment that the total signal and background PDF remains
non-negative [38]. The statistical signal significance is
computed as S = sign(Ngg)\/—21In(Ly/Lax), Where
Lnax and L, are the likelihood values when N, is left
free and fixed at 0, respectively, and sign(Ng,) is the sign
of Ng,. The plots of N, and signal significance as a
function of m, for both the n decay modes are shown in
Fig. 6. The largest local significance is 2.92¢ at m, =
0.590 GeV/c? in the n — at7 7° decay and 2.98¢ at
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FIG. 6. Number of signal events and statistical signal signifi-
cance as a function of m, (a)-(b) for n — a7~ 7° decay and
(c)-(d) for n — yy decay. The shaded regions of w and ¢
resonances are excluded from the search. The asymmetric
behavior in the high m, region of (a)-(b) is due to constraining
the total PDF to be non-negative in the fit.

m, = 2.144 GeV/ c? in the n — yy decay, which are less
than 36. Therefore, we conclude that no evidence of y’
production is found in both the # decay modes.

IV. SYSTEMATIC UNCERTAINTY

Table III summarizes the sources of additive and
multiplicative systematic uncertainties considered in this
analysis, where the additive systematic uncertainties arise
from the fit procedure including the signal and background
modeling, as well as the bias of the fit procedure. The
multiplicative systematic uncertainty arises from the sys-
tematic uncertainty on the number of J/y events, the
branching fractions in the cascade decay and the event
reconstruction and selection efficiencies.

In the measurements of the branching fraction of
J/w — eten, the signal yields are determined by fitting
the corresponding m,, and m -0 distributions, while in
the TFF studies, the signal yields are extracted with the
same fit procedure in the m_ . 0 distribution only in
different m,+,- bins. The uncertainty associated with the
signal model in the fit is studied by replacing the corre-
sponding PDF to be the sum of two CB functions
convolved with a Gaussian function, where the parameters
of the CB functions are extracted from fits to the signal MC
samples. The uncertainty associated with the peaking
background is studied by varying its expected number of
events within +1¢ of the uncertainties in the fit, and

TABLE IIl.  Summary of systematic uncertainties. The systematic uncertainties correlated between the decay modes 7 — 7z~ 7° and
n — yy are denoted by asterisks. Here “Negl.” means negligible, and ““- - -”” means the corresponding source of systematic uncertainty is

not applicable in a particular decay process.

J/w —eten J/w—=7'n
Source n—yy n—3n TFF measurement n—yy n—3r
Additive systematic uncertainties (events)
Fixed PDFs 8.50 0.9 negligible 0.0-1.0 0.0-0.6
Nonpeaking background 56.0 1.4 0.0-0.6 0.0-12.0 0.0-5.0
Fit Bias 2.0 0.1 0.1 0.1 0.1
Total 56.7 1.7 0.1-0.6 0.1-12.0 0.1-5.0
Multiplicative systematic uncertainties (%)

Charged tracks (* for e track only) 2.4 4.4 4.4 2.4 4.4
e* PID* 12 1.2 1.2 1.2 1.2
Photon detection efficiency* 2.0 2.0 2.0 2.0 2.0
Yic 0.9 0.9 0.9 0.9 0.9
n/7° mass window requirement 1.0 1.0 1.0 2.0
Veto of y conversion* 1.0 1.0 0.0-1.5 0.0-1.5 0.0-1.5
cos@l;el 1.9 1.9
e momentum Negl. e . ..
TFF 0.2 Negl. 0.2 Negl.
B(n = yy) 05 0.5
B(n — 77:*;7:_71'0) e 1.2 1.2 e 1.2
B(J/w = ) 3.1 3.1 3.1
By —» ete)* e ‘e e 0.0-14.0 0.0-14.0
Number of J/y events* 0.5 0.5 0.5 0.5 0.5
Total 4.1 54 6.2-6.3 5.1-15.0 6.4-15.5
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observed to be negligible. The uncertainty associated with
the nonpeaking background is studied by replacing the
corresponding PDF to be a second order Chebyshev
polynomial function in the fit. In the fit to search for the
¥/ boson, the signal is modeled with the sum of two CB
function whose parameters are extracted and extrapolated
from the simulated MC samples at 27 m, points. The cor-
responding uncertainty is studied by changing the param-
eters of the CB functions within +1¢ of their uncertainties,
taking into account the correlation between the different
parameters. The uncertainty due to the background model
is studied by changing the order of polynomial functions in
the fit. The changes in the signal yields due to the PDF
parameters are considered as the uncertainties. To validate
the reliability of fits, we produce a large number of
pseudoexperiments, which are of the same statistics of
data, and perform the same fit procedure in each pseu-
doexperiment. The resultant average difference between the
input and output signal yields is found to be very small and
considered as one of the systematic uncertainties.

The tracking efficiency for charged pions is studied
with the control sample of J/y — xt 7~ 2% [39]. The
difference between data and MC simulation is found to
be 1%, and is considered as the systematic uncertainty of
the charged pion. The efficiencies of tracking and PID for
e* is explored with the control sample of radiative Bhabha
events ete™ — yeTe™ in 2-dimensional bins of momentum
versus polar angle. The resultant average differences on
efficiency between data and MC simulation, 1.2% for
tracking and 0.6% for the PID, weighted according to
the momentum and polar angle distribution of the MC
samples, are considered as the systematic uncertainties.

The photon reconstruction efficiency is studied with a
control sample of e™ e~ — yutu~, in which the momentum
of the ISR photon is inferred from the four-momenta of the
wp~ pair [40]. The difference in the efficiency between
data and MC simulation is smaller than 1%, which is taken
as the systematic uncertainty. In the decay mode #n —
a7~ 7°, the uncertainty related with the z° mass window
requirement is studied with a high statistics control sample
of J/y — ppr° and is assigned to be 1%. In the y’ search,
the uncertainty associated with the # mass window require-
ment is studied with a control sample of J/yw — ppn, and is
assigned to be 1%, too.

The uncertainty associated with the 4C kinematic fit is
explored by utilizing a control sample of J/y — 7772~z in
which the 7° dominant decay modes of 7° — yy and 7° —
yete™ are utilized to mimic the J/y — e*e™n signal with
subsequent decay modes 5 — yy and  — n" 7z~ 7°, respec-
tively. The relative difference in efficiencies between data
and MC simulation in the corresponding control samples is
observed to be up to the level of 0.9%, and considered as
the systematic uncertainty.

The control sample of J/y — nt77 2%, 7° — yete is
also utilized to evaluate the systematic uncertainty for the

Oyy < 2 cm requirement used to suppress the y-conversion
background. The simulated MC events for 7° — ye*e™ are
generated with a simple monopole approximation TFF,
F(m% ) =14am?, _/ mio, where m,o is the nominal
7Y mass and a, = 0.032 4 0.004 is the slope parameter
[32]. We extract the 7° — yeTe™ signal from the data by
performing a ML fit to the m,+,- distribution before and
after the selection of 6,, < 2 cm requirement. The corre-
sponding differences in efficiencies, 1.0% in the measure-
ment of branching fraction of J/y — ete™n and
(0.0-1.5)% depending on m,+,- in the TFF measurement
and y’ search, are taken as the systematic uncertainties.

We similarly utilize the control sample J/w — #t 7~ 2",

7° — yy to evaluate the systematic uncertainty due to the
photon helicity angle requirement |cos .| < 0.9 in the
n — yy decay. The background in this control sample,
7° = yeTe™, has a flat shape in m,,, and is eliminated by
performing a ML fit to the m,,, distribution. The uncertainty
is evaluated to be up to the level of 1.9% by comparing the
efficiencies between the data and MC simulation, where
the efficiency is the ratio of signal yields with and without
this requirement applied. We extract the signal yield in
n — yy decay by varying the requirement of e* momentum
within one standard deviation of its statistical uncertainty,
and one of the largest values of the relative difference
between the signal yields is considered as the systematic
uncertainty and found to be negligible.

In the branching fraction measurement of the J/y —
e e~ Dalitz decay, the signal MC samples used to evaluate
the detection efficiency are generated by following the TFF
of Eq. (3) with measured A value of 2.84 GeV/c? as
described in Sec. III. Two alternative MC samples with
values of the pole mass A differing by +1¢ are generated,
and the resulting largest relative difference in efficiencies,
negligible for the decay mode # — 7+ z~7° and 0.2% for
the decay mode n — yy, are considered as the systematic
uncertainty.

The systematic uncertainties associated with the decay
branching fractions of # — 772~ z° and # — yy are taken
from the PDG [32]. In the measurements of TFF and
coupling strength between the dark sector and the SM ¢, the
related uncertainty associated with the branching fraction
of J/w — yn is taken from the PDG [32], and in the €
measurement, the uncertainty of the theoretical branching
fraction B(y' — e*e™), dominated by the uncertainty of the
R value [32], varies in the range of (0-14)% depending
upon the m, [41]. The uncertainty of the number of J/y
events is determined to be 0.5% using the inclusive
hadronic events of the J/w decays [15].

V. RESULTS

We compute the branching fraction of J/y — eTe™5 in
both decay modes of # — yy and # — ztz~z° by using
Eq. (4). The signal efficiency £ is evaluated to be 26.4% in
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decay mode 5 — yy and 13.7% in decay mode  — =+ 7~ 7°

using the signal MC samples. The branching fraction of
J/w — ete™n is determined to be (1.38 + 0.06(stat) +
0.07(syst)) x 10~ in the decay mode 5 — yy and (1.47 &
0.06(stat) £0.08(syst)) x 107 in the decay mode 5 —
atn~ % where the first uncertainties are statistical and
second systematic. A weighted average method [42] is used
to combine the two branching fraction measurements
taking correlated (shown by asterisks in Table III) and
uncorrelated systematic uncertainties into account. The
combined B(J/w — ete™n) for both n decay modes is
(1.43 £ 0.04(stat) & 0.06(syst)) x 107>. Compared with
the previous measured value of 1.6+ 0.07(stat) +
0.06(syst) from BESIII [13], the total (statistical) uncer-
tainty is reduced by a factor of 1.5 (1.8). The central value
of the measured branching fraction improves over the
previous BESIII measurement [13] due to taking into
account of the J/y polarization state in the e e~ annihi-
lation system during the signal MC simulation.

The TFF in each m,+,- bin is determined by dividing
B(J/w — e*e™n)’ by the integrated QED prediction in
each m,+,- interval (Table II). Figure 7 shows a plot of
the resultant TFF versus m,+,-. A chi-square fit to the TFF
versus m,+,- data is performed using a modified multipole
function of Eq. (2), in which the contributions of the p
resonance and nonresonance are included, and the inter-
ference is neglected:

2
|FJ/Wn(q2>|2 = |Ap|2( 2 ng 2 2>2
(m; —q°)” +T,m,
2 1 :
TP\ ) (5)

where the mass and width of the p resonance are fixed to
the values in the PDG [32]. The statistical uncertainties and

¥?INDF = 12.54/ 17
A, =022 + 0.04

A, =1.04 £ 0.03
A=2.84 + 0.11 GeV/c®

10 —

M. (GeV/cd)

FIG. 7. Fit to the TFF versus m,+,- for data. The black dots
with error bar are data, which include both statistical and
systematic uncertainties, and the solid black curve shows the
fit results.

uncorrelated systematic uncertainty (between the different
m,+,~ bins) are considered when building the chi-square
function. The fit curve is depicted in Fig. 7, too. The
statistical significance of the p signal is 4.0¢ estimated with
the change of chi-square values with and without p signal
included in the fit. We fit the TFF of data once again
by including the interference between p and nonresonant
components. The resultant change on A, 0.05 GeV/c?, is
taken to be one of the systematic uncertainties. We also
fit the TFF of data without including the systematic
uncertainty, the resultant change on A, 0.06 GeV/ 2,
is taken as another systematic uncertainty. Finally, the
pole mass is determined to be A =2.84 +0.11(stat) £
0.08(syst) GeV/c>.

We compute the upper limits on the product branching
fraction B(J/w — y'n) x B(y' = eTe™) at the 90% confi-
dence level (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 uncertainty. The combined result is
obtained by adding the logarithm likelihoods of two 7 decays
by taking into account their correlated and uncorrelated
systematic uncertainties. As shown in Fig. 8(a), the com-
bined limits on product branching fraction B(J/y — y'n) x
B(y' > e*e”) vary in the range of (1.9 —91.1) x 10~%

107

n n n n n n n 1 n n n
L (b)
w
1072

1 2
m,. (GeV/c?)

B(J/y—>yMm)xB(y'—e’e)

O[T T=——F

FIG. 8. The combined upper limits at the 90% C.L. on
(a) product branching fraction B(J/yw — y'n) x B(y' = eTe™)
and (b) coupling strength (¢) between the SM and dark sector as a
function of m, for both 7 decay modes. The regions of w and ¢
resonances shaded by gray lines are excluded from the y’ search.
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for0.01 <m, <2.4 GeV/ c? depending on m,, points. The
upper limit on B(J/y — y'n) at the 90% C.L. at each m,,
point is computed by dividing the combined upper limit on
the product branching fraction B(J/y — y'n) x B(y' —
ete™) by the expected dark photon decay branching fraction
of y/ — eTe™ obtained from Ref. [41]. We then compute the
upper limits of the coupling strength between the dark sector
and the SM e at the 90% C.L. as a function of m, using the
Eq. (4.6) of Ref. [16], where the TFF is given by Eq. (3) with
A = 2.84 GeV/c?. As shown in Fig. 8(b), the upper limits
on ¢ at the 90% C.L. vary in the range of 1072-10~2 for
0.01 < mj, <2.4 GeV/c? depending on m,,.

VI. SUMMARY

In summary, with a data sample of (1310.6 + 7.0) million
J/w events collected with the BESIII detector, we study the
EM Dalitz decay of J/y — eTe™n and search for a dark
photon in J/y — y'n decay using two different 1 decay
modes 7 — yy and  — 77~ 2°. The branching fraction
of J/w — ete™n is measured to be (1.43 £ 0.04(stat)+
0.06(syst)) x 107, which supersedes the previous BESIII
measurement [13]. We present the first measurement of
TFF as a function of m,+,- for the decay J/y — ete™n.
The corresponding pole mass of the TFF is determined to be
A = 2.84 +0.11(stat) 4- 0.08(syst) GeV/c? by fitting the
TFF versus m,+,- data with a modified TFF function. No
evidence of dark photon y’ production is observed, and
we set upper limits on the product branching fraction
B(J/w = y'n) x B(y) = ete™) at the 90% C.L. to be in
the range of (1.9—91.1)x107® for 0.01<m, <2.4GeV/c?
depending on m,. The upper limits on the coupling
strength between the dark sector and the SM e at the
90% C.L. are also set at the level of 10~2-1073, which are
above the existing stringent experimental results [25-27].
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