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Study of the electromagnetic Dalitz decay J/w — e*e ™«
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We report the first measurement of the dielectron invariant mass dependent transition form factor in the
electromagnetic Dalitz decay J/w — eTe "z using (10087 & 44) x 10° J/y events collected by the
BESIII detector. A clear p — w interference structure is observed, consistent with the pion form factor,
which offers a novel approach to extract the hadronic vacuum polarization contribution to the anomalous
muon magnetic moment (a,) and refine the predictions of the vector meson dominance (VMD) model and

hadronic light-by-light contribution to a,,. By taking into account the contribution of this p — @ interference

structure, the branching fraction of J/y — e* e~z in the full e*e™ invariant mass range is also measured
for the first time to be (8.06 4= 0.31(stat) + 0.38(syst)) x 1077, approximately twice the nonresonant VMD

prediction.

DOI: 10.1103/yglh-sfbg

An electromagnetic (EM) Dalitz decay [1] proceeds via
conversion of an off-shell photon into a lepton pair [2]. The
g*-dependent transition form factor (TFF), where g2 is the
four-momentum transfer squared and is equal to the square
of the dilepton invariant mass [3], provides access to
possible deviations from the standard pointlike prediction
of quantum electrodynamics (QED) [2]. Thus, a TFF is a
sensitive tool to probe the inner structure of the involved
hadrons. Within the vector meson dominance (VMD)
model [4], the TFF describes the interaction of the photons
with hadrons via an intermediate vector meson V' in the
timelike region [5]. These TFFs are important inputs in
the calculation of the hadronic light-by-light contribution
of the anomalous magnetic moment of the muon [6],
a, = (g, —2)/2, which is of great interest in precision
tests of the Standard Model [7-9] and EM Dalitz decay
rates [2].

Most measured EM Dalitz decays of the light unflavored
vector mesons p, @, and ¢ [10,11] are compatible with the
VMD assumption [2]. However, some of the experimental
results, such as @ — ptu~7°, indicate large deviations
[12,13] that are difficult to understand with existing
theoretical models [14]. A similar situation has recently
also appeared in the EM Dalitz decays of charmonium
vector mesons, such as in recent measurements of the
EM Dalitz decays J/y — ete P (P = z°,n, 1) [15,16].
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The measured branching fractions of J/y — ete™n/y/
agree well with the VMD prediction [17], which does
not include the contributions of intermediate V' resonances.
We refer to this as the nonresonant VMD prediction.
However, the branching fraction of J/y — ete 2",
(7.56 +1.32 £ 0.50) x 10~7 [15], measured by BESIII
for dielectron invariant masses (m,+,-) less than
0.4 GeV/c? using 225 million J/y events, deviates by
more than three standard deviations from the predictions
based on the nonresonant VMD prediction [17], an
effective Lagrangian-based analysis [18], Khuri-Treiman
(KT) analysis [19], and dispersion theory [20]. The latter
three models [18-20] also take into account the contribu-
tion of the intermediate light vector meson p. This
discrepancy may disappear after considering the resonant
contributions from the isospin conserving decay J/y —
pr° and the isospin violating decays J/y — w/¢x° [21].
However, the well-known p — @ interference, as proposed
by Glashow [22], may also appear in these decays, as
discussed in Ref. [23].

An experimental study of p — w interference is essential
for testing charge symmetry violation (CSV) [24-26], QCD
sum rules (QCDSR) [27,28], chiral perturbation theory
(ChPT) [29,30], and hidden local symmetry (HLS) models
[31,32]. This interference has been well established in the
pionic cross section o(ete” — ztz~) [33-35], and
impacts the measurements of the isospin-violating @ —
't~ decay rate [33], the running QED coupling [36], the
27 contribution to the hadronic vacuum polarization (HVP)
in a, [33-35], as well as tests of isospin violation in
asymmetric nuclear matter [37] and lattice QCD bench-
marks [38]. In particular, the observed p — @ interference
provides essential input for constraining isospin-breaking
and QED corrections in lattice QCD [38,39], understanding
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CSV in nuclear forces [24-26], and modeling vector meson
properties in nuclear matter and hot, dense QCD environ-
ments such as the quark-gluon plasma [40].

An investigation of p — @ interference in a purely EM
channel was previously reported via the photoproduction of
electron-positron pairs off carbon [41], beryllium [42], and
hydrogen [43] targets, but the phases of the interference
were found to be different from those corresponding to
pionic channels, such as eTe™ — z"z~ [33-35]. This
discrepancy may be resolved by investigating the p — @
interference in the intermediate resonances of J/y —
ete~n". The same J/y decay also tests various theoretical
models [2,17-20], could improve the accuracy of J/y —
V'z® (V' = p, w) decay rates [21], and probes G-parity
violation [23]. This paper reports the first measurement of
the g*>-dependent TFF and an improved measurement of the
branching fraction of the EM Dalitz decay J/y — eTe~n°
in the full m,+,- spectrum using a data sample of (10087 +
44) x 10° J/y events collected by the BESIII detector.

BESIII is a general purpose detector operating at the
ete™ BEPCII collider, and is described in more detail in
Ref. [44]. Monte Carlo (MC) simulated events based on
Geant4 [45] are used to study the detection efficiency, to
optimize the event selection criteria, and to investigate
potential backgrounds. Time-dependent effects, such as
beam-related backgrounds and detector running conditions
during the data collection period, are included in the MC
simulation. An inclusive MC sample of 10 billion events of
generic J/y decays, generated by EvtGen [46] for known
decay modes with branching fractions quoted in Ref. [21]
and by LUNDCHARM [47] for unknown decay modes, is
used for background studies. The signal MC sample is
generated using EvtGen [46] according to a Lorentz-invariant
amplitude [48], where the TFF function is directly extracted
from the data while taking into account the contribution of
intermediate V' resonances in the decay as described below.
Furthermore, another signal MC sample containing only
the nonresonant contribution of the J/y — e*e~ 7" decay
is also generated with the same model by setting the TFF to
unity. This is also referred to as the pointlike process and is
used to optimize the event selection criteria and study the
m,+,- dependent TFF.

We select events of interest by requiring two oppositely
charged tracks and at least two good photon candidates.
Charged tracks are reconstructed from the ionization
signals measured by the main drift chamber (MDC). The
point of closest approach of each charged track to the e™e™
interaction point (IP) is required to be within £10.0 cm
along the beam direction, which is the symmetry axis of the
MDC and within 1.0 cm in the plane perpendicular to the
beam. Each charged track is required to be within the active
region of the MDC |cos@| < 0.93, where 6 is the polar
angle with respect to the positron beam along the z-axis.
The particle identification (PID) algorithm, based on
the specific energy loss dE/dx and information from the

time-of-flight (TOF) system and the electromagnetic calo-
rimeter (EMC), forms a likelihood L(h), where h is a
particle hypothesis of e*, 7 or K* charged tracks. One of
the charged tracks is identified as e~ and the other as e by
requiring £(e*) > L(z%) and L(e*) > L(K*). We further
suppress pion contamination by requiring E/p,- > 0.8 ¢
for those charged tracks with momenta larger than
0.25 GeV/c, where E is the energy deposited in the
EMC and p,- is the momentum measured by the MDC.

Showers are reconstructed from clusters of energy
deposited in the EMC crystals. The shower energy of each
photon is required to be greater than 25 MeV in the
barrel region (|cosd| < 0.8) or 50 MeV in the end-cap
regions (0.86 < |cos@| < 0.92). In order to improve the
reconstruction efficiency and energy resolution, the energy
deposited in the nearby TOF is taken into account. Showers
poorly reconstructed in the transition region between the
barrel and end-cap are discarded. In order to suppress the
electronic noise and energy deposition unrelated to the
events, the photon time as given by the EMC is required to
be less than 700 ns after the collision.

A vertex fit is performed to the two charged tracks to
ensure that they originate from a common vertex point. In
order to improve the z° mass resolution, a four-constraint
(4C) kinematic fit imposing energy and momentum con-
servation is implemented for the selected charged tracks
and the two good photon candidates under the hypothesis
of J/yw — ete yy. If there are more than two good photon
candidates in the event, all yy combinations are tested and
the pair that gives the lowest value of chi-square of the
kinematic fit, x5, is selected. To suppress peaking back-
ground from J/y — yn°7°, where one of the z° candidates
decays in its Dalitz decay mode 7° — yete™, the yi is
further required to be less than 100. Candidate events are
required to have a diphoton invariant mass, m,,.,, within the
range [0.09,0.18] GeV/c?.

The MC studies indicate that the background is domi-
nated by the radiative Bhabha process eTe™ — yete™,
especially in the high m,+,- region, due to its large cross
section. The background contributes a smooth distribution
in the m,, spectrum. This nonpeaking background is
suppressed by requiring the momentum of the selected
e* to be less than 1.45 GeV/c and the energy of the low
energy photon (E, ) used to reconstruct the z° candidate to
be larger than 0.14 GeV.

At this stage, the peaking background in m,, spectrum is
dominated by events from the radiative decay J/y — ya°,
in which the radiative photon converts into an e*e™ pair in
the detector material. The distance from the vertex point of
the e™e™ pair to the origin in the x-y plane is defined as

Oy = 4 /R2 + Ri, where R, and R, are the coordinates of
the reconstructed vertex point along the x and y directions,
respectively, as described in Ref. [49]. In the distribution
of Ry versus R,, the signal events from J/y — ete

vy’
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accumulate in the center of the circle, and the background
events from J/y — yz° accumulate in the circles with radii
of 3.5 cm and 6.5 cm corresponding to the positions of the
beam pipe and inner wall of the MDC, respectively, as
described in Fig. 1 of Ref. [SO]. A requirement of 6,, <
2 cm is imposed, which eliminates around 98% of the
y conversion background with a loss of about 20% of the
signal events.

The two-photon process [51], which proceeds via the
interaction of two virtual photons emitted by the lepton pair
in an ete™ collider experiment, can produce an even
C-parity state of the pseudoscalar meson. In the case of
7Y production, the corresponding process e*e™ — ete 7’
has the same final state as the signal of interest. It therefore
contributes as a peaking background in the m,, spectrum.
An independent sample of y(3770) data with an integrated
luminosity of 2.93 fb~! [34], which is away from J/y
resonance and is assumed to provide a pure sample of
ete™ — ete n¥ events, is used to study this background.
The two-photon background events mainly accumulate
in the bands of cos@(e™) > 0.8 or cosf(e”) < —0.8,
away from the signal that accumulates around cos 8(e™) =
cos@(e”), as described in Ref. [52]. This background
is suppressed by requiring cosf(et) < 0.8 and
cosf(e”) > —0.8. After applying this selection criterion,
the number of two-photon events in the J/y data sample is
evaluated as Ny, = f - Ny(3770), Where Ny 3770y is the
number of signal events in the w(3770) data sample

.. . L L
surviving the same selection criteria, and f :ﬁ%)-
(3
€ N
v _Slv — 359+ (.02 is the scale factor between
0y(3770)  €w(3770)

the two data samples X (X = J/y and w(3770)), which
takes into account the integrated luminosities Ly, the cross
sections oy and the efficiencies ey [51]. The detection

. . € . . (o}
efficiency ratio —2— and cross-section ratio —*
€(3770) Oy(3770)

evaluated to be 4.03 £0.02 and 0.878 +0.001, respec-
tively, with the EKHARA generator [53]. The value of
€y(3770) 18 reduced due to the selection criteria on the et
momentum, as described above. The yield Ny (3770) =
27.9 + 13.6 is obtained by performing an extended maxi-
mum likelihood (ML) fit to the m,, spectrum of events
selected from the w(3770) data sample. Therefore, the
expected number of two-photon events for the J/y data
sample is estimated to be 100.0 £ 48.8.

Figure 1 shows the m,+, distribution for surviving
events from the data, signal MC, and the remaining
background processes. The contribution from the non-
peaking background is dominated by the radiative
Bhabha process. This background is evaluated using events
in the 7° sideband regions, defined as [0.02, 0.08] and
[0.19,0.30] GeV/c?. The peaking background is domi-
nated by the decay J/y — at7a % (99.4 4 3.8 events
including the p resonance and due to the z* mis-identified
to be et), J/yw — ya° (35.2+ 1.7 events), J/y — yn°x°
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FIG. 1. Distribution of m,+,- for selected events in data (black
dots with error bars), signal MC (red histogram), J/yr — yz° MC
(green long-dashed dotted histogram), where y converts in
material, y conversion data (sky green), J/yw — 7"z 7" (blue
dashed histogram), sideband data (black dotted histogram), two-
photon process MC (gray blue pattern) and combined MC and
sideband data (solid blue histogram). The signal MC sample
includes the contributions of both resonant and nonresonant
components from J/y — e*e~z°. The y conversion data were
obtained from the events with §,, > 2 cm [50].

(2.8 0.2 events), and J/yy — wn’,  — xtz~ (0.5 £ 0.1
events), where uncertainties include statistical and system-
atic uncertainties. The expected numbers of background
events are evaluated using large MC samples normalized to
their corresponding branching fractions quoted from
Ref. [21]. The simulated events are also used for evaluating
the resonant contributions of J/y — V'z% V' — ete™,
considered to be part of the signal mode, and are 690.0 +
86.6 events for p — eTe™ and 85.5+9.8 for w — ete,
normalized to the branching fractions in Ref. [21].

The signal yield is determined by performing an
extended ML fit to the m,, spectrum of the selected
candidate events in data. In the fit, the probability density
function (PDF) of the signal is described by the MC
simulated shape convolved with a Gaussian function (with
free parameters), which compensates for the resolution
difference between data and MC simulation. The PDF of
the nonpeaking background is described by a first-order
Chebyshev polynomial function with free parameters. The
fit is shown in Fig. 2 over the full m,+, spectrum, and

yields N S{‘g‘a = 2347 £ 66 events, including both signal and
peaking background contributions. By subtracting the con-
tributions from the decays J/w — #t7~ 2%, J/yw — ya°,
J)w =y’ Ty - o(—= ztz)2, Ty = o7,
and the two-photon process ete™ — ete n, estimated
above, the net signal yield is determined to be N, =
2108.9 £ 82.2, where the total uncertainties on the peaking
backgrounds are added in quadrature with the statistical
uncertainty on Ng,. The obtained N, includes the con-

tributions of the nonresonant J/y — eTe 7’ and the
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FIG. 2. The fit to the m,, distribution (top) together with the
normalized fit residuals (bottom). The p value of the fit is 0.34.
The black dots with error bars are data, the pink dashed curve the
signal, the red dotted curve the nonpeaking background, and the
blue solid curve the total projection.

resonant J /y — p/wn®, p/w — et e~ decays. The branch-
ing fraction of J/y — eTe n’ is calculated to be
(8.06 +0.31 £ 0.38) x 1077, where the first uncertainty
is statistical and the second is systematic as described
below and in the Supplemental Material [50], by the
following formula,

N..
N + - 0 — S1g )
B<J/l// eern ) NJ/V,'G'B(HOQ}’}’) (1)
Here, € = 26.3% is the signal selection efficiency obtained
from a signal MC sample, depicted in Fig. 1, generated
using the fitted TFF function of Eq. (2) with a pole mass
A =3.686 GeV/c?, as described below to take into
account both the resonant and nonresonant contributions
of J/w — ete n’. The B(n® - yy) is the branching
fraction of z° — yy from Ref. [21] and N/, = (10087 &
44) x 10° is the total number of J /ys events from Ref. [54].

To avoid the observed p/w contributions, the branching
fraction of J/y — ete 7’ for m, - < 0.3 GeV/c? is
determined to be (4.41 £0.18 +0.21) x 107, which is
consistent with the nonresonant VMD prediction from
Ref. [17], using a similar fit procedure detailed in
Ref. [50]. The observed deviation from the nonresonant
VMD prediction [17], which was larger in the previous
BESIII measurement [15], disappears with a large J/y data
sample. However, our analysis reveals that nonresonant
VMD prediction [17] underestimates the total branching
fraction by approximately a factor of two, as it does not
include contributions from the p/@ resonances.

The g*-dependent TFF of J/y — e*e™ is studied by
comparing the measured differential branching fraction to

-
o
&

] —3%— Data (Stat+ Syst)
K —=— Point-like prediction
R [ | Dispersion theory
I Khuri-Treiman analysis
—e— Effective Lagrangian theory

-
o
&

-
o
4

N
o
&

-
o
)

dB(Jly—e*end)dm,., (GeV/c?)™

O““1“‘2“‘3
m,.+ (GeV/c?)

FIG. 3. The differential branching fraction for J/y — e*e~z°
normalized to the bin size versus m,+,- for data (black dots with
error bars, including the statistical and systematic uncertainties
combined in quadrature), the pointlike prediction (blue squares
with error bars), the effective Lagrangian theory prediction [18]
(red circles with error bars), KT analysis [19] (brown band), and
the dispersion theory [20] prediction (green band).

that of the pointlike prediction. The signal yield in each
my+,~ bin is extracted by the same ML fit on the
m,, distribution as described above. The corresponding
detection efficiency (¢) is calculated with a signal MC
sample generated under the pointlike assumption that
the TFF is equal to unity. In order to handle background
from radiative Bhabha events, the fit is performed with
various m,+,- bin widths with a total of 30 m,+,- points
detailed in Table 1 of Ref. [50]. The obtained distri-
bution of the differential branching fractions, calculated
after subtracting the aforementioned peaking back-
grounds (except the background from the two-photon
process) using the signal yields in each bin of m,,-,
deviates from the pointlike model prediction derived
from the formula in Eq. (3.4) of Ref. [2], as well as
from the effective Lagrangian-based analysis [18], KT
analysis [19], and dispersion theory [20], as shown in
Fig. 3. An interference between the p and w is observed
for the first time in the J/y — ete 7’ decay. This
behavior differs from that observed in previous mea-
surements via the photoproduction of electron-positron
pairs [41-43]. This difference arises from the isospin
dynamics involved in the decays J/y — pa° and J/y —
wr® [23].

The TFF (|F,),»(¢*)[*) in each m,+, bin, shown in
Table 1 of Ref. [50], is calculated as the ratio of the
corrected signal yield to the prediction of the pointlike
model integrated over the m, +,- bin interval, as shown in
Fig. 4. To achieve a unity value of the TFF at ¢g*> = 0, the
|F},0(q*)|* versus m,:,- data are normalized using the
central value of the TFF from the first m,+,- bin.
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FIG. 4. Top: fit to the TFF versus m,+.- in data and (bottom)
their fit residual values in each bin. The p value of the fit is 0.82.
The black dots with error bars are data, which include both
statistical and systematic uncertainties as described in the text and
Ref. [50], the blue dotted curve comes from the effective
Lagrangian theory [18], the brown and green bands come from
the KT analysis [19], and dispersion theory [20], respectively,
blue band is the pion form factor taken from the BABAR
measurement [35] and the solid red curve is the fit result, which
excludes the higher-order p resonances.

To study the observed p — w interference, the TFF is
fitted with the following combined function:

1

Fipa(47) = F, e

j/,l,ﬂU (q2) + AA

(2)

where A, = |A,|e’® is an amplitude with phase angle ¢,,
and F' ?/Swo(qz) includes the contributions of both p reso-

nances, which as described by a Gounaris-Sakurai function
[55], and w resonance, described by a Breit-Wigner function.
The F?/Swo(qz) is given by the formula in Eq. (26) of
Ref. [35] and has previously used by both the BESIII [34]
and BABAR [35] experiments in the measurement of the
eTe™ = xtx~ cross section in the p/@ mass region. The
contributions of the p’, p”, and p”” resonances are excluded
in the fit.

Due to limited statistics, the mass and width of the w
meson are fixed to their world-average values [21], while
the other parameters are left free during the fit. The
obtained fit reveals that the observed p — @ interference
pattern in the J/y — eTe "% TFF closely resembles the
pattern seen in the e™e~™ — z" ™ cross-section measure-
ments in the p/w mass region [33-35], offering an
alternative approach to extract the HVP contribution to
a,. The observed relatively narrow p resonance in data
arises due to the electron mass, which accounts for the
threshold effect in the low-mass region, as well as the
interference between resonant and nonresonant processes

inJ/y — ete ", as described in Ref. [50]. The fit yields
the A value of 3.3+ 0.7 GeV/c?, which appears to be
consistent with being above the combined mass threshold
of my, . However, the uncertainty on this fitted value is
quite large, limited by statistics in the high m,: .- region.
Therefore, the fitted TFF function of Eq. (2) with A =
3.686 GeV/c? is used to generate the signal MC events
for efficiency determination, as mentioned above. To
properly account for the HVP contribution to a,, we
perform an additional fit including higher order p reso-
nances in the mass range [2m,, 1.28] GeV/c?. Details are
provided in Ref. [50].

According to Eq. (1), the systematic uncertainty asso-
ciated with the branching fraction and TFF measurements
include those from Ng,, the number of J/y events,
reconstruction efficiencies, and secondary branching frac-
tions, details of which are described in Ref. [50]. The
systematic uncertainty is dominated by the signal model
(0.6%), nonpeaking background PDF (2.2%), tracking
efficiency (2.4%), PID (1.2%), photon reconstruction
efficiency (0.4%), and E/p,- (2.4%). Total systematic
uncertainties for the branching fraction and TFF measure-
ments are determined to be 4.7% and 6.6%, respectively, by
adding the individual ones in quadrature.

In summary, using a data sample of (10087 4 44) x
10° J/w events collected by the BESIII detector, we
measure the TFF of J/y — eTe ™z’ as a function of
m+,~ for the first time. A clear p — w interference pattern
is observed, which closely matches that of the pionic form
factor [33-35]. This result demonstrates the feasibility of
probing isospin-violating effects and provides essential
input for improving the VMD model [17] and the HLBL
contribution to a, [7-9]. Furthermore, the observed p — @
interference offers a new way to extract the HVP contri-
bution to a, [33-35]. After taking into account the con-
tribution of this resonant structure, the branching fraction of
J/w — et e~ 7" is measured for the first time in the full 1+ -
spectrum, to be (8.0640.31(stat) +0.38(syst)) x 107,
approximately double the nonresonant VMD prediction
[17]. These results can be measured with significantly
improved precision at future facilities, such as the Super
Tau-Charm Factory experiment [56].
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