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Abstract: With a sample of (10087± 44)× 106 J/ψ events accumulated with the BESIII
detector, we analyze the decays η′ → π+π−l+l−(l = e, µ) via the process J/ψ → γη′.
The branching fractions are measured to be B(η′ → π+π−e+e−) = (2.45 ± 0.02(stat.) ±
0.08(syst.))× 10−3 and B(η′ → π+π−µ+µ−) = (2.16± 0.12(stat.)± 0.06(syst.))× 10−5, and
the ratio is B(η′→π+π−e+e−)

B(η′→π+π−µ+µ−) = 113.4± 0.9(stat.)± 3.7(syst.). In addition, by combining the
η′ → π+π−e+e− and η′ → π+π−µ+µ− decays, the slope parameter of the electromagnetic
transition form factor is measured to be bη′ = 1.30±0.19 (GeV/c2)−2, which is consistent with
previous measurements from BESIII and theoretical predictions from the VMD model. The
asymmetry in the angle between the π+π− and l+l− decay planes, which has the potential
to reveal the CP -violation originating from an unconventional electric dipole transition, is
also investigated. The asymmetry parameters are determined to be ACP (η′ → π+π−e+e−) =
(−0.21 ± 0.73(stat.) ± 0.01(syst.))% and ACP (η′ → π+π−µ+µ−) = (0.62 ± 4.71(stat.) ±
0.08(syst.))%, implying that no evidence of CP -violation is observed at the present statistics.
Finally, an axion-like particle is searched for via the decay η′ → π+π−a, a→ e+e−, and upper
limits of the branching fractions are presented for the mass assumptions of the axion-like
particle in the range of 0 − 500 MeV/c2.
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1 Introduction

The η′ → π+π−l+l− (with l = e or µ) decays are of great interest in both theoretical
and experimental research as they involve contributions from the box-anomaly of quantum
chromodynamics (QCD), and can be used to probe the transition form factors (TFFs) [1].
The TFF is a momentum transfer (q2) dependent function, which describes the complex
internal structure or the full set of intermediate processes that contribute to a reaction. At
low-momentum transfer, the TFF is particularly important to determine the low-energy
parameters of these mesons, such as the slope parameter bη′ [2], which plays a critical role in
determining the electromagnetic interaction radius. The vector meson dominance (VMD)
model leads to the expectation bη′ ≈ 1

m2
V

for the P → γγ⋆ decay [2, 3], where mV is a light
vector meson mass. Also, the TFF is of utmost importance because it determines the size
of hadronic quantum corrections in the calculation of the anomalous magnetic moment of
the muon, (g − 2)µ [2]. Theoretically, the η′ → π+π−l+l− decays have been investigated
with different models, including the hidden gauge model [1], the chiral unitary approach [4]
and the VMD models [1]. Experimentally, CLEO and BESIII have measured the branching
fractions of these decays using 4.0 × 104 and 6.8 × 106 η′ events, respectively. Different

– 1 –



J
H
E
P
0
7
(
2
0
2
4
)
1
3
5

B(η′ → π+π−e+e−) (10−3) B(η′ → π+π−µ+µ−) (10−5)
Hidden gauge [1] 2.17± 0.21 2.20± 0.30

VMD [1] 2.27± 0.13 2.41± 0.25
Unitary χPT [2] 2.13+0.17

−0.31 1.57+0.96
−0.75

CLEO [5] 2.50+1.2
−0.9 ± 0.5 < 24

BESIII (2013) [6] 2.11± 0.12± 0.15 < 2.9
BESIII (2021) [7, 8] 2.42± 0.05± 0.08 1.97± 0.33± 0.19

Table 1. Different theoretical predictions and previous experimental results of B(η′ → π+π−l+l−).

theoretical predictions and previous experimental results of the branching fractions (B) are
listed in table 1.

In 2000, the KTeV Collaboration observed a large CP -violation in the distribution of
the T-odd angle φ in K0

L → π+π−e+e− decay [9], where φ is the angle between the e+e−

decay plane and the π+π− decay plane in the K0
L center-of-mass system. The interference

between the CP -conserving and CP -violating amplitudes generates an angular distribution
proportional to sin 2φ [1]. Similarly, this asymmetry can be measured from the decays of
other pseudoscalar mesons, such as the η′. It was first explored in the decay η′ → π+π−e+e−

in the BESIII experiment, and the CP -violating asymmetry (ACP ) was determined to be
(2.9 ± 3.7 ± 1.1)% [8], which is consistent with zero.

Additionally, the hadronic decay channels of η′ mesons could include a signal of a QCD
axion, dark photon or other hadronically coupled Axion-like particle (ALP). Among the
most promising modes are the three-body final states π+π−a, which have been studied
recently [10, 11]. The ATOMKI experiment reported an anomaly in the angular correlation
spectra in 8Be [12] and 4He [13] nuclear transitions. A light pseudoscalar particle a decaying
to e+e− [14–16] was proposed to explain the anomaly. An ALP could also cause a deviation
from the expected value of the electron anomalous magnetic moment [17–19].

With ten billion J/ψ data events collected with the BESIII detector during 2009-2019 [20],
we can improve the precision of the branching fraction measurements, measure the TFFs
and search for CP -violation and hadronically coupled ALPs.

2 BESIII detector

The BESIII detector [21] records symmetric e+e− collisions provided by the BEPCII storage
ring [22] in the center-of-mass energy range from 2.0 to 4.95 GeV, with a peak luminosity
of 1 × 1033 cm−2s−1 achieved at

√
s = 3.77 GeV. BESIII has collected large data samples

in this energy region [23]. The cylindrical core of the BESIII detector covers 93% of the
full solid angle and consists of a helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic
field. The magnetic field was 0.9 T in 2012, which affects 11% of the total J/ψ data. The
solenoid is supported by an octagonal flux-return yoke with resistive plate counter muon
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Decay mode Generator model
J/ψ → γη′ Helicity amplitude

η′ → π+π−l+l− VMD model [35]
η′ → π+π−π+π− ChPT and VMD model [36]
η(′) → γπ+π− Amplitude analyses [37]
η′ → ηπ+π− Dalitz plot analyses [38]
η → γµ+µ− Electromagnetic form factor [39]

Table 2. Generator models used for MC simulations.

identification modules interleaved with steel. The charged-particle momentum resolution
at 1 GeV/c is 0.5%, and the dE/dx resolution is 6% for electrons from Bhabha scattering.
The EMC measures photon energies with a resolution of 2.5% (5%) at 1GeV in the barrel
(end cap) region. The time resolution in the TOF barrel region is 68 ps, while that in the
end cap region was 110 ps. The end cap TOF system was upgraded in 2015 using multigap
resistive plate chamber technology, providing a time resolution of 60 ps [24], which benefits
87% of the data used in this analysis.

3 Data sample and Monte Carlo simulation

This analysis is based on (10087±44)×106 J/ψ events collected with the BESIII detector [20],
which yields a sample of about 5.3× 107 η′ events though the radiative decay J/ψ → γη′.

The estimation of background contributions and the determination of detection efficiencies
are performed with Monte Carlo (MC) simulations. The BESIII detector is modeled with
GEANT4 [25–27]. The production of the J/ψ resonance is implemented with MC event
generator KKMC [28, 29], while the decays are simulated by EVTGEN [30, 31]. The possible
backgrounds are studied using a sample of J/ψ inclusive events in which the known decays
of J/ψ are modeled with branching fractions being set to the world average values given
by the Particle Data Group (PDG) [32], while unknown decays are generated with the
LUNDCHARM model [33, 34]. Specific generators have been developed in this analysis, and
the corresponding theoretical models are listed in table 2. The signal samples of sizes 1× 106

and 5× 105 are used for η′ → π+π−e+e− and η′ → π+π−µ+µ− decays, separately.

4 Event selection and background analysis

The final state of interest is studied through the decay chain J/ψ → γη′, η′ → π+π−l+l−.
Each event is required to contain at least one good photon candidate, and four charged track
candidates with a total charge of zero. Charged tracks detected in the MDC are required to be
within a polar angle (θ) range of | cos θ| ≤ 0.93, where θ is defined with respect to the z-axis,
which is the symmetry axis of the MDC. Each charged track is required to have the point
of closest approach to the interaction point (IP) within ±1 cm in the plane perpendicular
to beam direction and within ±10 cm in z direction.
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Figure 1. The distributions of (a) the e+e− invariant mass spectrum and (b) the distance of the
e+e−−vertex from the IP in the transverse direction after applying the χ2

4C+P ID condition. The dots
with error bars represent the data, the red dotted histograms are the MC signal shapes, the green
dashed histograms are the J/ψ → γη′, η′ → γπ+π− MC shapes, and the blue solid histograms are
the sums of the MC signal and MC background from J/ψ → γη′, η′ → γπ+π−. Both of these MC
simulations are normalized to the yields found in table 3.

Photons are reconstructed from showers in the EMC exceeding a deposited energy of
25 MeV in the barrel region (| cos θ| < 0.8) and 50 MeV in the endcap regions (0.86 <

| cos θ| < 0.92). The angle between the shower position and any charged tracks extrapolated
to the EMC must be greater than 15 degrees. Finally, photons are required to arrive within
700 ns from the event start time in order to reduce background from photons that do not
originate from the same event.

For each signal candidate, particle identification (PID) is performed using the TOF and
dE/dx information, and four-constraint (4C) kinematic fits are performed imposing energy
and momentum conservation under the hypotheses of γπ+π−e+e− and γπ+π−µ+µ− final
states. The variable, χ2

4C+PID = χ2
4C +∑4

i=1 χ
2
PID(i), is used to select the best candidate if

the event contains more than one. Here χ2
4C and χ2

PID represent the Chi-square of the 4C
kinematic fit and PID, respectively, and i corresponds to the charged track candidates in
each hypothesis (pion, electron, or muon). For each event, the candidate with the smallest
χ2

4C+PID(π+π−l+l−) is kept for further analysis.
For the η′ → π+π−e+e− decay, χ2

4C+PID(γπ+π−e+e−) < 60 is required, which has been
optimized with respect to the figure of merit NS/

√
ND, where NS is the number of events

in the signal MC sample, and ND is the number of events in data. The primary peaking
background comes from J/ψ → γη′, η′ → γπ+π− events, where a photon converts to an
e+e− pair at the beam pipe or the inner wall of the MDC. One might expect the invariant
mass of such a conversion pair, M(e+e−), to be close to zero for this kind of background.
However, the BESIII tracking algorithm uses the IP as a reference point for all tracks, which
means that the direction of tracks that originate elsewhere are mis-reconstructed. Hence,
a conversion pair gains an artificial opening angle, and the reconstructed invariant mass is
larger than the true value. Therefore, the conversion background appears as a large peak
at about 0.015 GeV/c2 in the M(e+e−) distribution, shown in figure 1 (a).
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Figure 2. Photon conversion veto criterion on the (a) Rxy vs. MBP(e+e−) and (b) Rxy vs. Φee plots
from data. All events above (left plot) or inside (right plot) the red solid polygons are rejected.

The intersection of the e+- and e−-helices in the r − ϕ projection provides the distance
from the e+e−-vertex position to the IP, Rxy [40]. Figure 1 (b) shows the Rxy distribution for
the selected events, where e+e− pairs peak at three characteristic locations in the detector.
The signal pairs originate from the IP, whereas the conversion background pairs are at
Rxy ≈ 3 cm, corresponding to the beam pipe, and at Rxy ≈ 6 cm, corresponding to the
inner wall of the MDC.

In order to reject photon conversion events and improve the signal-to-background ratio,
two additional variables are introduced. The first one is the invariant mass of the e+e− pair
at the beam pipe, MBP(e+e−), which is determined by changing the reference point of the
helices of all e± tracks to their respective points of intersection with the beam pipe, and
subsequently recalculating the momentum vectors. This changes the direction of the vectors,
but not their magnitudes. The momenta of the e+e− pair that is created at the beam pipe will
instead be approximately parallel and the invariant mass close to the mass of two electrons.
The second variable is the opening angle of the e+e− pair in the x− y plane, Φee [41]. For the
e+e− pairs that originate from the IP, such as η′ → π+π−e+e− decays, the opening angles
determined with the calculated momentum vectors are increased, and as a consequence, their
invariant masses become larger than the true value. For conversion events, Φee is expected
to be close to zero. In the two-dimensional distributions of Rxy vs. MBP(e+e−), and Rxy
vs. Φee, shown in figure 2, signal events and photon conversion events are well separated.
By selecting appropriate regions of these distributions, the photon conversion events are
vetoed. First, we select all events to the high mass side of a curve defined by straight line
segments between the points (0.004 GeV/c2, 0 cm), (0.004 GeV/c2, 2 cm), (0.03 GeV/c2, 3
cm), and (0.07 GeV/c2,10 cm) in the Rxy vs. MBP(e+e−) distribution. Then, we reject the
events from Φee < 75◦ when 2 cm < Rxy < 7.5 cm. The effects of the photon conversion veto,
have been estimated in MC simulations, and it removes 98.6% of the η′ → π+π−γ conversion
background, while retaining ∼ 86% of the η′ → π+π−e+e− signal.

For the η′ → π+π−µ+µ− decay, χ2
4C(γπ+π−µ+µ−) < 25 is required, and

χ2
4C+PID(γπ+π−µ+µ−) is required to be less than χ2

4C+PID(γπ+π−π+π−) to suppress back-
ground from J/ψ → γπ+π−π+π−. The comparison of the µ+µ− mass spectrum between data
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Figure 3. The µ+µ− invariant mass distribution for events satisfying 0.945 GeV/c2 <

M(π+π−µ+µ−) < 0.975 GeV/c2. The dots with error bars represent the data, the purple dashed
histogram is the J/ψ → γη′, η′ → π+π−η, η → µ+µ− MC shape, the pink dotted histogram is the
J/ψ → γη′, η′ → π+π−π+π− MC shape, the green dashed histogram is the J/ψ → γπ+π−π+π− MC
shape, the golden dotted histogram is the J/ψ → γγϕ, ϕ→ π+π−π+π− MC shape, and the red solid
histogram is the sum of the MC signals and all MC backgrounds.

and MC simulation in figure 3, where 0.945 GeV/c2 < M(π+π−µ+µ−) < 0.975 GeV/c2 has
been required, shows good agreement. To suppress the background from η′ → π+π−η, η →
µ+µ−, we require |M(µ+µ−) − 0.548| > 0.02 GeV/c2.

Possible background events are analyzed with the same procedure using the inclusive
MC sample, and they mainly originate from the background processes listed in table 3.
For the dominant background channels, dedicated exclusive MC samples are generated to
estimate their contributions to the π+π−l+l− invariant mass spectrum in figure 4. For the B
determination, we require the fit range of 0.91 GeV/c2 < M(π+π−e+e−) < 1.0 GeV/c2 and
0.9 GeV/c2 < M(π+π−µ+µ−) < 1.0 GeV/c2 for the η′ → π+π−e+e− and η′ → π+π−µ+µ−

decays, respectively. In the measurements of the TFF, ACP and search for ALPs, we further re-
quire 0.945 GeV/c2 < M(π+π−e+e−) < 0.97 GeV/c2 and 0.945 GeV/c2 < M(π+π−µ+µ−) <
0.975 GeV/c2 for the η′ → π+π−e+e− and η′ → π+π−µ+µ− decays, respectively. The aim is
to minimize background interference and preserve the signals as much as possible.

5 Branching fraction measurements

To determine the numbers of the η′ → π+π−l+l− events, an unbinned maximum likelihood
fits are performed to the π+π−l+l− invariant mass spectra. The branching fractions of
η′ → π+π−l+l− are determined by

B(η′ → π+π−l+l−) = Nsig
NJ/ψ × B(J/ψ → γη′)× ε

, (5.1)

where Nsig are the signal yields determined from data, ε are the detection efficiencies for the
decays η′ → π+π−l+l−, which are determined from the simulated samples, B(J/ψ → γη′)
is the branching fraction of J/ψ → γη′, (5.21 ± 0.17) × 10−3 [32] and NJ/ψ is the number
of J/ψ events, (10087 ± 44) × 106 [20].
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Signal channels Main background channels Sample sizes
Normalized events

B TFF/ACP /ALPs
η′ → π+π−e+e− J/ψ → γη′, η′ → γπ+π− 2.3 × 107 672 ± 22 598 ± 20

η′ → π+π−µ+µ−

J/ψ → γη′, η′ → π+π−η, η → µ+µ− 5 × 105 11 ± 1 9 ± 1
J/ψ → γη′, η′ → π+π−π+π− 2.3 × 105 206 ± 2 3 ± 1

J/ψ → γη′, η′ → π+π−η, η → γπ+π− 5 × 106 24 ± 2 —
J/ψ → γπ+π−π+π− 4.8 × 105 — 36 ± 11

J/ψ → γγϕ, ϕ → π+π−π+π− 4.8 × 106 — 10 ± 2

Table 3. Main background processes and their corresponding normalized events of the η′ → π+π−l+l−

decays. For the B determination, “—” indicates that the number of background events are left floating
in the fit. In the measurements of the TFF, ACP and search for ALPs, “—” indicates that the
background channel is disregarded due to the extremely low number of background events in the
signal mass range.

For the η′ → π+π−e+e− decay fit, the signal is represented by the MC shape convolved
with a Gaussian function to account for the difference in resolution between data and MC
simulation. The peaking background arising from the photon conversion process η′ → γπ+π−

is described by the MC simulation shape, and the number of background events, which
are listed in table 3, are fixed according to the branching fractions from the PDG [32].
Combinatorial background is represented by a first-order Chebychev polynomial. The fit
result shown in figure 4 (a) yields 22725± 155 signal events. The goodness of fit is studied
using a χ2 test and the χ2 value per number of degrees of freedom (ndf) is found to be
χ2/ndf = 95.4/95.0. With a detection efficiency of (17.49± 0.04)%, the branching fraction
of η′ → π+π−e+e− is calculated to be (2.45 ± 0.02) × 10−3, where the uncertainties are
statistical only.

For the η′ → π+π−µ+µ− decay fit, the shapes of signal and J/ψ → γπ+π−π+π− are
taken from the MC simulation. From a topological analysis, possible backgrounds arise from
the J/ψ → γγϕ, ϕ→ π+π−π+π− decay in the η′ mass distribution around 1 GeV/c2. A MC
sample of J/ψ → γγϕ, ϕ → π+π−π+π− is generated to describe these backgrounds. The
magnitude of the J/ψ → γγϕ, ϕ → π+π−π+π− and J/ψ → γπ+π−π+π− backgrounds are
determined from the fit. All other background events, which are listed in table 3, are fixed
according to the branching fractions from the PDG [32]. The fit result shown in figure 4
(b) yields 434± 25 signal events, and the goodness of fit is found to be χ2/ndf = 88.9/97.0.
With a detection efficiency of (37.95± 0.07)%, the branching fraction of η′ → π+π−µ+µ− is
calculated to be (2.16± 0.12)× 10−5, where the uncertainties are statistical only.

6 Transition form factor measurements

6.1 VMD model

The η′ → π+π−l+l− decays are similar to η′ → γπ+π−, in which the photon is replaced by an
off-shell one that decays into a l+l− pair. Within the VMD model, it is factorized into three
separate parts [1], as illustrated in figure 5. The contact term represents the contribution
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Figure 4. Fits to the invariant mass distributions of (a) π+π−e+e− and (b) π+π−µ+µ−. The
dots with error bars represent the data, and the blue solid lines are the total fit result. For the
η′ → π+π−e+e− decay, the red dashed histogram represents the MC signal shape convolved with a
Gaussian function, the green area is the J/ψ → γη′, η′ → γπ+π− MC shape, and the brown dashed
histogram represents the remaining background described by the first-order Chebychev polynomial.
For the η′ → π+π−µ+µ− decay, the red dashed histogram represents the MC signal shape, the pink
dotted histogram is the J/ψ → γη′, η′ → π+π−π+π− MC shape, the purple dashed histogram is
the J/ψ → γη′, η′ → π+π−η, η → µ+µ− MC shape. The light blue dotted histogram is the J/ψ →
γη′, η′ → π+π−η, η → γπ+π− MC shape, the green dashed histogram is the J/ψ → γπ+π−π+π− MC
shape, and the golden dotted histogram is the J/ψ → γγϕ, ϕ→ π+π−π+π− MC shape.
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Figure 5. Contact term corresponding to the axial anomaly (left) and other VMD contributions
(middle and right) to the decay η′ → π+π−γ∗ [1].

from the axial anomaly, and the other two diagrams give the VMD interactions where the
pseudoscalar does not interact directly with the photon.

The four-momenta for the decays η′(P ) → π+(p+)π−(p−)l+(k+)l−(k−) are defined as
P = p+ + p− + k+ + k− [42]. The relevant variables are written as

sππ = (p+ + p−)2, sll = (k+ + k−)2. (6.1)

βπ =
√
1− 4M2(π+π−)

sππ
, βl =

√
1− 4M2(l+l−)

sll
. (6.2)

The squared decay amplitude is given as [35]

|Aη′→π+π−l+l− |
2(sππ, sll, θπ, θl, φ) =

e2

8k2 |M(sππ, sll)|2 × λ(M2(η′), sππ, sll)

× [1− β2
l sin2 θl sin2 φ]sππβ2

π sin2 θπ,

(6.3)
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to the leading order with only the magnetic term. The high order corrections with the electric
term and the mixing term are visibly smaller than the leading one [1]. Here θπ is the polar
angle of the p+ in the p+p− rest frame with respect to the flight direction of the p+p− in
the P rest frame, θl is the polar angle of the k− in the k+k− rest frame with respect to
the flight direction of the k+k− in the P rest frame, and φ is the azimuthal angle between
the plane formed by p+p− in the P rest frame and the corresponding plane formed by the
k+k− [43, 44]. The Källén function λ is defined as λ(a, b, c) = a2 + b2 + c2 − 2(ab+ bc+ ca).
The magnetic form factor M(sππ, sll) is given by

M(sππ, sll) = Mmix ×VMD(sππ, sll), (6.4)

where Mmix is the pseudoscalar mesons mixing parameter [1], VMD(sππ, sll) is the VMD
factor [1, 45] and derived from the VMD model with finite-width corrections as [46]

VMD(sππ, sll) = 1− 3
4(c1 − c2 + c3) +

3
4(c1 − c2 − c3)×

m2
V

m2
V − sll − imV Γ(sll)

+ 3
2c3

m2
V,π

m2
V,π − sππ − imV,πΓ(sππ)

× m2
V

m2
V − sll − imV Γ(sll)

.

(6.5)

Here mV and mV,π are the masses of the vector meson V (V → l+l−) and Vπ(Vπ → π+π−),
respectively. The parameters c1−3 are model dependent and determine the contributions of
the different interaction terms illustrated in figure 5. Γ is its total width [35] as

Γ(s) = g

( √
s

mV,i

) 1− 4m2
i

s

1− 4m2
i

m2
V,i


3
2

Θ(s− 4m2
i ) (i = l or π; V, i = V or V, π), (6.6)

where g = 149.1MeV, and Θ is the Heaviside step function.

6.2 Analysis method and background treatment

Unbinned maximum likelihood fits to the e+e− and π+π− mass spectra are performed to
determine the fit parameters in the VMD factor given in eq. (6.5). The probability-density
function (PDF) to observe the i-th event characterized by the measured four-momenta ξi
of the particles in the final state is

P(ξi) =
|A(ξi)|2ε(ξi)∫
|A(ξ)|2ε(ξ)dξ , (6.7)

where A is the amplitude as shown in eq. (6.3), and ε(ξi) is the detection efficiency. The
fit minimizes the negative log-likelihood value

− lnL = −ω′[
Ndata∑
i=1

lnP(ξi)− ωbkg1

Nbkg1∑
j=1

lnP(ξj)− ωbkg2

Nbkg2∑
k=1

lnP(ξk)− . . .], (6.8)

where i run over all accepted data, and j, k, . . . run over the other considered background
events. There corresponding number of events are denoted by Ndata, Nbkg1 and Nbkg2.
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ωbkg1 = N ′
bkg1

Nbkg1
and ωbkg2 = N ′

bkg2
Nbkg2

are the weights of the backgrounds, where N ′
bkg1 and N ′

bkg2
are their contributions according to branching fractions taken from PDG. To obtain an
unbiased uncertainty estimation, the normalization factor ω′ [47] is considered, described as

ω′ = Ndata −Nbkg1ωbkg1 −Nbkg2ωbkg2
Ndata +Nbkg1ω2

bkg1 +Nbkg2ω2
bkg2

. (6.9)

For the η′ → π+π−e+e− decay, the number of the background events of J/ψ → γη′, η′ →
γπ+π− is fixed according to the branching fractions from the PDG [32], and the non-peaking
background distribution is estimated by using the η′ one-dimensional sideband events. The
sideband is defined as M(π+π−e+e−) ∈ [0.915, 0.9275]⋃[0.985, 0.9975] GeV/c2. For the
η′ → π+π−µ+µ− decay, the number of the background events of J/ψ → γπ+π−π+π− is
obtained by fitting the mass spectrum of π+π−µ+µ−, and other backgrounds yields are fixed
according to the branching fractions from the PDG [32]. All the numbers of the background
events, which are listed in table 3, are obtained in the η′ mass regions, 0.945 GeV/c2 <

M(π+π−e+e−) < 0.97 GeV/c2 and 0.945 GeV/c2 < M(π+π−µ+µ−) < 0.975 GeV/c2.

6.3 Fit results

By adjusting the values of the ci-parameters [48], we can switch between various VMD models:

• Hidden gauge model (Model I): c1 − c2 = c3 = 1;

• Full VMD model (Model II): c1 − c2 = 1/3, c3 = 1;

• Modified VMD model (Model III): c1 − c2 ̸= c3.

Since the dominant contribution is from ρ0 and its width is large, the parameterization of its
shape plays a vital role in describing the e+e− and π+π− mass spectra. For η′ → π+π−e+e−,
the ρ0 contribution is insufficient to describe the π+π− mass spectra of data and an extra
contributions from ω is necessary. If the ω → π+π− decay is taken into account, the
propagator is written as

m2
V,π

m2
V,π − sππ − imV,πΓ(sππ)

+ βeiθ
m2
ω

m2
ω − sππ − imωΓω

, (6.10)

where βeiθ is the complex coupling parameter, and Γω = 8.68 MeV, which is taken from
the PDG [32].

The fit results of the three models mentioned above are summarized in table 4 and
table 5, while those of Model I are shown in figure 6 and figure 7. Based on Model I,
we calculate a weighted average of bη′ = 1.30 ± 0.19 (GeV/c2)−2 for η′ → π+π−e+e− and
η′ → π+π−µ+µ− combined, where the uncertainty is obtained by combining statistical and
systematic uncertainties. A test is also made with c1, c2, c3 floating but with c1 − c2 = c3 [48].
The fit to our data gives c1 − c2 = c3 = 1.03± 0.03, which is consistent with the assumption
of the hidden gauge model. Due to the limited statistics in the high e+e− mass region, the
statistical uncertainties of mV for the three models and c1 − c2 for Model III are relatively
large. At present, the fit results can not distinguish between the models.
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Figure 6. Fits to the invariant mass distributions of (a) e+e− and (b) π+π− for η′ → π+π−e+e−

with c1 − c2 = c3 = 1 (Model I). The dots with error bars represent data, and the red solid histogram
are the total fit results. The green dashed histogram are the J/ψ → γη′, η′ → γπ+π− MC shapes,
and the pink dotted histogram are the backgrounds obtained from the η′ sideband.

5

10

15

20

25

30

35

40

45

)
2

c
E

v
e

n
ts

 /
 (

1
0

 M
e

V
/

Data

Fit result

 MC-µ+µ→η,η-π
+

π→'η',ηγ→ψJ/

 MC-π+π-π
+

π→'η',ηγ→ψJ/

 MC-π+π-π+πγ→ψJ/

 MC-π+π-π
+

π→φ,φγγ→ψJ/

0.1 0.2 0.3 0.4 0.5 0.6 0.7

)2
c) (GeV/-

µ+µM(

5−

0

5

P
u

ll

(a)

5

10

15

20

25

30

35

40

45

)
2

c
E

v
e
n
ts

 /
 (

1
0
 M

e
V

/

Data

Fit result

 MC
-

µ+µ→η,η
-

π
+

π→'η',ηγ→ψJ/

 MC
-

π+π
-

π
+

π→'η',ηγ→ψJ/

 MC
-

π+π
-

π+πγ→ψJ/

 MC
-

π+π
-

π
+

π→φ,φγγ→ψJ/

0.2 0.3 0.4 0.5 0.6 0.7 0.8

)2
c) (GeV/-

π+πM(

5−

0

5

P
u
ll

(b)

Figure 7. Fits to the invariant mass distributions of (a) µ+µ− and (b) π+π− for η′ → π+π−µ+µ−

with c1 − c2 = c3 = 1 (Model I). The dots with error bars represent data, and the red solid histogram
are the total fit result. The purple dashed histogram are the J/ψ → γη′, η′ → π+π−η, η → µ+µ− MC
shapes, the pink dotted histogram are the J/ψ → γη′, η′ → π+π−π+π− MC shapes, the green dashed
histogram are the J/ψ → γπ+π−π+π− MC shapes, and the golden dotted histogram are the sums of
the other background MC shapes.
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η′→π+π−e+e−
Model I Model II Model III

c1−c2 = c3 =1 c1−c2 =1/3, c3 =1 c1−c2 ̸= c3

mV (MeV/c2) 954.3±87.8±36.4 857.4±76.5 787.5±173.9
mV,π(MeV/c2) 765.3±1.2±20.2 765.4±1.2 764.8±1.3
mω(MeV/c2) 778.7±1.3±17.3 778.7±1.3 778.7±1.4
β(10−3) 8.5±1.4±0.7 8.5±1.4 8.1±1.5

θ 1.4±0.3±0.1 1.4±0.3 1.4±0.3
c1−c2 1 1/3 −0.03±1.09
c3 1 1 1.03±0.03

χ2/ndof(e+e−,π+π−) 77.9/82.0, 47.8/65.0 78.7/82.0, 47.6/65.0 79.4/82.0, 45.1/65.0
bη′(GeV/c2)−2 1.10±0.20±0.07 1.36±0.24 1.61±0.71

Table 4. The TFF fit results of the η′ → π+π−e+e− decay.

η′→π+π−µ+µ−
Model I Model II Model III

c1−c2 = c3 =1 c1−c2 =1/3, c3 =1 c1−c2 ̸= c3

mV (MeV/c2) 649.4±55.9±35.6 601.6±25.7 589.6±25.9
mV,π(MeV/c2) 757.3±24.1±18.0 765.4±18.8 774.4±43.5

c1−c2 1 1/3 0.01±0.45
c3 1 1 0.98±0.40

χ2/ndof(µ+µ−,π+π−) 48.1/34.0, 32.9/46.0 48.3/34.0, 32.9/46.0 49.7/35.0, 32.4/46.0
bη′(GeV/c2)−2 2.37±0.41±0.27 2.76±0.24 2.88±0.25

Table 5. The TFF fit results of the η′ → π+π−µ+µ− decay.

7 CP -violating asymmetry

The mixed term between the CP -violating electric and CP -preserving magnetic form factors
in the squared amplitude has a φ dependence [8, 9]. According to the squared invariant
decay amplitude [1], a fitting function is constructed as

F (φ) = 1 + b · sin2 φ+ c · sin 2φ, (7.1)

where 1+b ·sin2 φ is a dominant contribution from the magnetic term, and c ·sin 2φ is from the
mixing term, which is the CP -violating term. The asymmetry parameter ACP is defined as

ACP = 1
Γ

∫ 2π

0

dΓ
dφsign(sin 2φ)dφ

=
∫ π
−π F (φ)sign(sin 2φ)dφ∫ π

−π F (φ)dφ

= 4c
(2 + b)π ,

(7.2)
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Decay channels b c ACP (%) χ2/ndof

η′ → π+π−e+e− −0.72± 0.01 −0.002± 0.007 −0.21± 0.73 82.8/96.0
η′ → π+π−µ+µ− −0.35± 0.10 0.008± 0.061 0.62± 4.71 71.3/97.0

Table 6. The final results of ACP for the η′ → π+π−e+e− decay.
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Figure 8. Fits to the φ angle distributions for the (a) η′ → π+π−e+e− and (b) η′ → π+π−µ+µ−

decays. The dots with error bars represent data, the blue solid line are the total fit results, and the
red dashed histograms represents the function shapes of F (φ) convolved with a Gaussian function.
For η′ → π+π−e+e−, the green area is the J/ψ → γη′, η′ → γπ+π− MC shape, and the brown dotted
histogram is the background obtained from η′ sideband. For η′ → π+π−µ+µ−, the pink dotted
histogram is the J/ψ → γη′, η′ → π+π−π+π− MC shape, the purple dashed histogram is the J/ψ →
γη′, η′ → π+π−η, η → µ+µ− MC shape, the green dashed histogram is the J/ψ → γπ+π−π+π− MC
shape, and the golden dotted histogram is the sum of the other background MC shapes.

where sign(x) is a sign function. The parameters b and c and the asymmetry parameter ACP

are obtained by fitting the φ angle distribution, as shown in figure 8. In the fit, the efficiency
corrected F (φ) function is convolved with a Gaussian function, f(x; 0, σ) = 1

σ
√

2π exp(−
x2

2σ2 ), to
account for the φ resolution, where σ are determined to be 0.035 and 0.030 for η′ → π+π−e+e−

and η′ → π+π−µ+µ−, respectively, according to MC simulation.
The background treatment is the same as that in the TFF measurement in section 6.2,

and the normalized background events are listed in table 3. The final results are listed
in table 6, where the uncertainties are statistical only. These imply that no CP-violation
evidence is found at the present level of statistics.

8 Systematic uncertainties of B, ACP and TFF

We consider possible sources of systematic uncertainties for the measurement of B, ACP and
TFF. The corresponding contributions are discussed in detail below and listed in table 7.

• Number of J/ψ events: the number of J/ψ events is determined to be (10087±44)×106

from the inclusive hadron events, and the uncertainty of this number is 0.4% [20].

– 13 –



J
H
E
P
0
7
(
2
0
2
4
)
1
3
5

• Branching fraction of J/ψ → γη′: the uncertainty from the branching fraction of
J/ψ → γη′ from the PDG [32] is 1.3%.

• MDC tracking: the data-MC efficiency difference for pion track-finding has been studied
using a control sample of J/ψ → π+π−π0. Since the muon mass is similar to that of
the pion, we take the same efficiency difference as the pion for the tracking of the muon.
For the electron tracking, a mixed sample of e+e− → e+e−γ at the J/ψ meson mass
and J/ψ → e+e−γFSR processes is used. The data-MC difference, ∆syst., is determined
as a function of the particle momentum and the cosine of the polar angle. We calculated
the uncertainty of ∆syst. using the uncertainty propagation formula, and the result is
1.8% as the systematic uncertainty for the B measurement. Subsequently, each event in
the MC samples is re-weighted by a factor (1 + ∆syst.). The ACP are recalculated with
efficiencies determined from the re-weighted MC sample. For the TFF measurement, a
re-weighted MC sample is used to calculate the MC integral, and a group of new fit
results are obtained by using the fit method as in section 6.2. The differences with the
nominal results are taken as the systematic uncertainties.

• PID: the difference in the PID efficiencies for the η′ → π+π−µ+µ− decay between data
and MC simulation is evaluated in the same way as for the MDC tracking efficiency
above. The control sample of J/ψ → π+π−π0 is used to study the pion PID. For the
muon PID, we take the same difference as that of the pion.

• Photon detection efficiency: the systematic uncertainty from the reconstruction of
photons has been studied extensively in the process e+e− → γµ+µ−. The systematic
uncertainty due to photon reconstruction efficiency, defined as the relative difference in
efficiencies between data and MC simulation, is observed to be up to the level of 0.5%
in both the barrel and end-cap regions.

• Kinematic fit: to investigate the systematic uncertainty associated with the 4C kinematic
fit, the track helix parameter correction method [49] is used for η′ → π+π−µ+µ−. Half
of the difference in the detection efficiencies with and without the helix correction is
taken as the systematic uncertainty.

• Combined PID and kinematic fit: the control sample of J/ψ → π+π−π0, π0 → γe+e−

is used to study the systematic uncertainty due to the requirement of χ2
4C+PID < 60 for

η′ → π+π−e+e−. The difference of efficiencies with and without the χ2
4C+PID selection

between data and MC simulation, 2.0%, is taken as the systematic uncertainty.

• Photon conversion veto: the systematic uncertainty from photon conversion veto has
been studied with a clean control sample of J/ψ → π+π−π0, π0 → γe+e−. The relative
difference of efficiencies associated with the photon conversion rejection between data
and MC simulation, 1.0%, is taken as the systematic uncertainty [50].

• Generator model: the signal MC sample was generated with c1 − c2 = c3 = 1. To
estimate the systematic uncertainty from generator model, we used the fit results of the
modified VMD model in section 6.3 to produce the MC sample, and the difference of
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detection efficiency between the modified model (c1 − c2 ̸= c3) and the nominal models
(c1 − c2 = c3 = 1) is taken as the uncertainty.

• η′ signal range: to estimate the uncertainties from the η′ mass range, we perform alter-
native fits changing the lower and upper boundaries of the η′ mass range independently
by 0.02 GeV/c2 for η′ → π+π−e+e−, 0.01 GeV/c2 for η′ → π+π−µ+µ−. The resultant
largest differences to the nominal results are taken as the systematic uncertainties.

• Background model: in the fit, the events for some backgrounds are fixed according to the
branching fractions from the PDG [32]. To estimate the effect of the uncertainties of the
used branching fractions, a set of random numbers have been generated within the un-
certainty of each branching fraction. Using these random scaling parameters, a series of
fits to the invariant mass distributions of π+π−e+e− or π+π−µ+µ− mass are performed.
The largest changes of the signal yields are taken as the systematic uncertainties.

• Signal shape: in the B measurement, we use the double or three Gaussian functions
instead of the signal MC shapes to fit the π+π−l+l− mass spectrum. The differences
in the B values are taken as the systematic uncertainties.

• Resolution: in the ACP measurement, to estimate the uncertainty from the resolution,
we perform alternative fits changing the resolution from −1.0σ to 1.0σ with an interval
of 0.25σ for the η′ → π+π−e+e− and η′ → π+π−µ+µ− decays. The largest differences
from the nominal results are taken as the systematic uncertainties of the asymmetry
parameters.

• Width of ρ and ω: in the TFF measurement, the widths of ρ and ω are taken as
constants. The differences of the fit results between fixed and free widths are taken
as the systematic uncertainties.

9 Upper limit for ALPs in decay of η′ → π+π−a, a → e+e−

To study possible ALPs decaying into e+e−, we perform 50 simulations of the signal process
a → e+e− with varied masses of a in steps of 10MeV/c2 from 0 to 500 MeV/c2. Using
the hypothesis of a pseudoscalar ALP, the signal process η′ → π+π−a and a → e+e−

is generated with the events distributed evenly in the phase space. The MC shapes are
determined from the sum of all background contributions plus the 50 groups of different
signal MC shapes with a masses from 0 − 500MeV/c2. The η′ signal region is defined as
0.945 GeV/c2 < M(π+π−e+e−) < 0.97 GeV/c2.

We consider possible sources for multiplicative systematic uncertainties of the upper limit
for ALPs, such as number of J/ψ events (0.4%), branching fraction of J/ψ → γη′ (1.3%), MC
statistics (0.1%), MDC tracking (1.3%-7.5%), photon detection efficiency (0.5%), combined
PID and kinematic fit (2.0%) and photon conversion veto (1.0%). The total multiplicative
systematic uncertainties are 3.0%−7.9%. The additive systematic uncertainties are considered
by alternative fit ranges and background models. The maximum number of signal events
among the different fit scenarios is adopted to calculate the upper limit of the signal yield.
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Source
η′ → π+π−e+e−(%) η′ → π+π−µ+µ−(%)
B ACP mV B ACP mV

Number of J/ψ events 0.4 — — 0.4 — —
B(J/ψ → γη′) 1.3 — — 1.3 — —
MDC tracking 1.8 — 0.2 0.7 — 2.0

PID — — — 1.3 — 2.0
Photon detection 0.5 — — 0.5 — —
4C kinematic fit — 3.7 — 0.6 0.0 1.1

Combined PID and kinematic fit 2.0 — 2.0 — — —
Photon conversion veto 1.0 — 1.0 — — —

Generator model 0.1 — — 0.1 — —
η′ mass range 0.4 — — 1.4 — —

Background model 0.1 0.1 1.5 0.5 0.2 3.5
Signal shape 1.0 — — 1.4 — —
Resolution — 4.0 — — 12.7 —

Widths of ρ and ω — — 2.7 — — 3.0
Total 3.4 5.4 3.8 3.0 12.7 5.5

Table 7. The systematic uncertainties in the measurements of B, ACP and mV .

Since no evident a signal seen in the M(e+e−) distribution, we compute upper limits on
the branching ratio, RUP = B(η′→π+π−a)·B(a→e+e−)

B(η′→π+π−e+e−) , at the 90% Confidence Level (C.L.) as a
function of M(a). The upper limits on the number of a signal events at the 90% C.L. are
obtained according to the Bayesian method [51] by smearing the likelihood curve using a
Gaussian function with a width of the systematic uncertainty as

L′(N) =
∫ 1

0
L

(
S

Ŝ
N

)
exp

[
−(S − Ŝ)2

2σ2
S

]
dS, (9.1)

where L and L′(N) are the likelihood curves before and after taking into account the systematic
uncertainties; Ŝ is the nominal efficiency and σS is its systematic uncertainty. As shown in
figure 9, the limits on the branching ratio are established at the level of (0.1− 7.8)× 10−3,
and the significance for each case is less than 0.5σ.

10 Summary

With a sample of (10087± 44)× 106 J/ψ events, the branching fractions of η′ → π+π−l+l−

(with l = e, µ) are determined to be B(η′ → π+π−e+e−) = (2.45± 0.02(stat.)± 0.08(syst.))×
10−3 and B(η′ → π+π−µ+µ−) = (2.16± 0.12(stat.)± 0.06(syst.))× 10−5, which are in good
agreement with the theoretical predictions [1, 4] and the previous measurements [5–8], as
shown in figure 10 (a). The ratio of the branching fractions of these two decays is calculated
to be B(η′→π+π−e+e−)

B(η′→π+π−µ+µ−) = 113.4 ± 0.9(stat.) ± 3.7(syst.).
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Figure 9. (a) Fit to the invariant mass distribution of M(a) when the mass of a is 15 MeV/c2. The dots
with error bars represent data, and the blue solid line is the total fit result. The red dashed histogram
represents the arbitrary normalized MC signal shape, which is scaled by a factor of 10. The golden
dashed histogram is the J/ψ → γη′, η′ → π+π−e+e− MC shape. The green dashed histogram is the
J/ψ → γη′, η′ → γπ+π− MC shape, and the pink dotted histogram is the background obtained from
the η′ sideband. (b) Upper limit on the relative branching ratio at the 90% C.L. for different a masses.

Additionally, we measure the TFF parameters of the η′ decays, which are determined from
the invariant decay amplitude of the reaction η′ → π+π−l+l−. Our results are summarized
in table 4. Since the previous experiment measured the parameters value of c1 − c2 and c3
are approximately equal to 1 [48], we compared the results of Model I with other theoretical
calculations and experimental measurements, which shown in figure 10 (b). In addition,
we calculate a weighted average of bη′ = 1.30 ± 0.19 (GeV/c2)−2 for η′ → π+π−e+e− and
η′ → π+π−µ+µ− combined, where the uncertainty is obtained by combining statistical and
systematic uncertainties. The value of bη′ measured in this work is consistent with the VMD
theoretical calculations [52] and the previous BESIII result [39], as shown in figure 10 (b). It
indicates that the theoretical model used (Model I) is able to reasonably describe the process.

The CP -violating asymmetries of η′ → π+π−l+l− are determined to be ACP (η′ →
π+π−e+e−) = (−0.21 ± 0.73(stat.) ± 0.01(syst.))% and ACP (η′ → π+π−µ+µ−) = (0.62 ±
4.71(stat.) ± 0.08(syst.))%. These imply that no CP -violation evidence is found at the
present level of statistics.

Finally, we perform a search for an ALP in the e+e− invariant mass spectrum, no
significant signal is observed and the 90% C.L. upper limits of BUP are shown in figure 9.
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