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The process eþe− → ΛΛ̄ is studied using data samples at
ffiffiffi
s

p ¼ 2.2324, 2.400, 2.800 and 3.080 GeV
collected with the BESIII detector operating at the BEPCII collider. The Born cross section is measured at
ffiffiffi
s

p ¼ 2.2324 GeV, which is 1.0 MeVabove the ΛΛ̄ mass threshold, to be 305� 45þ66
−36 pb, where the first

uncertainty is statistical and the second systematic. The cross section near threshold is larger than that
expected from theory, which predicts the cross section to vanish at threshold. The Born cross sections at
ffiffiffi
s

p ¼ 2.400, 2.800 and 3.080 GeV are measured and found to be consistent with previous experimental
results, but with improved precision. Finally, the corresponding effective electromagnetic form factors of Λ
are deduced.

DOI: 10.1103/PhysRevD.97.032013

I. INTRODUCTION

Electromagnetic form factors (FFs) are important
observables for probing the inner structure of hadrons
and for understanding the strong interaction. The timelike
FFs are mostly measured by electron-positron colliding
experiments [1]. The Born cross section for the process
eþe− → BB̄ via one-photon exchange, where B is a spin
1/2 baryon, can be expressed in terms of the electric and
magnetic FFs GE and GM,

σBðsÞ ¼ 4πα2Cβ
3s

�

jGMðsÞj2 þ
2m2

Bc
4

s
jGEðsÞj2

�

: ð1Þ

Here, α ¼ 1/137.036 is the fine-structure constant, β ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

Bc
4/s

p
is the velocity, c is the speed of light, s is

the square of the center-of-mass (c.m.) energy, and mB is
the mass of the baryon. The Coulomb correction factor C
[2,3], accounting for the electromagnetic interaction of
charged pointlike fermion pairs in the final state, is 1.0
for pairs of neutral baryons and y/ð1 − e−yÞ with y ¼
παð1þ β2Þ/β for pairs of charged baryons. The effective FF
defined by

jGj≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jGMðsÞj2 þ ð2m2

Bc
4/sÞjGEðsÞj2

1þ 2m2
Bc

4/s

s

ð2Þ

is proportional to the square root of the baryon pair
production cross section.
Experimentally, there have been many studies on the

nucleon pair production cross sections and the timelike
nucleon FFs in the past decades [4–13]. Unusual behavior
in the near-threshold region has been observed for both
eþe− → pp̄ and eþe− → nn̄ cross sections [8,10,13].
Compared with neutrons, the production cross section
and FFs of hyperons are however hardly explored
[14–16]. The BABAR experiment measured the hyperon
final states of ΛΛ̄ [15] with significantly larger uncertain-
ties compared to the proton case. The cross section of
eþe− → ΛΛ̄ in a wide c.m. energy region from threshold toffiffiffi
s

p ¼ 2.27 GeV was measured to be 204� 60� 20 pb,
which indicates a possible nonvanishing cross section at
threshold. Recently, the BESIII experiment has observed a
nonzero cross section near the Λþ

c Λ̄−
c production threshold

in the process eþe− → Λþ
c Λ̄−

c [17]. The unexpected fea-
tures of baryon pair production near threshold have driven
many theoretical interests [18], including scenarios that
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invoke BB̄ bound states or unobserved meson resonances.
It was also interpreted as an attractive Coulomb interaction
on the constituent quark level in Ref. [19]. In order to
properly test the hypotheses, a precision measurement of
eþe− → ΛΛ̄ very close to ΛΛ̄ mass threshold is needed.
In this paper, we present a study of process eþe− → ΛΛ̄

at c.m. energy
ffiffiffi
s

p ¼ 2.2324 GeV, which is 1.0 MeVabove
the ΛΛ̄ mass threshold, with two decay modes recon-
structed, Λ → pπ−, Λ̄ → p̄πþ (referred to as mode I) and
Λ̄ → n̄π0, Λ → X (referred to as mode II, where X
represents the inclusive decay of Λ). Besides, measure-
ments on the process eþe− → ΛΛ̄ at c.m. energiesffiffiffi
s

p ¼ 2.400, 2.800, and 3.080 GeV are given with
improved precision compared with previous experiments.

II. THE BESIII EXPERIMENT
AND THE DATA SETS

The collision data were taken with the BESIII spec-
trometer at BEPCII. BEPCII is a double-ring eþe− collider
running at c.m. energies between 2.0–4.6 GeVand reaches
a peak luminosity of 1.0 × 1033 cm−2 s−1 at a c.m. energy
of 3770 MeV. The cylindrical BESIII detector has an
effective geometrical acceptance of 93% of 4π and divides
into a barrel section and two end caps. It contains a small
cell, helium-based (60% He, 40% C3H8) main drift
chamber (MDC) which provides momentum measurement
of charged particles with a resolution of 0.5% at a
momentum of 1 GeV/c in a magnetic field of 1 Tesla.
The energy loss measurement (dE/dx) provided by the
MDC has a resolution better than 6%. A time-of-flight
system (TOF) consisting of 5-cm-thick plastic scintillators
can measure the flight time of charged particles with a time
resolution of 80 ps in the barrel and 110 ps in the end caps.
An electromagnetic calorimeter (EMC) consisting of 6240
CsI (Tl) in a cylindrical structure and two end caps is used
to measure the energies of photons and electrons. The
energy resolution of the EMC is 2.5% in the barrel and
5.0% in the end caps for photon/electron of 1 GeV energy.
The position resolution of the EMC is 6 mm in the barrel
and 9 mm in the end caps. A detailed description of the
detector and its performance can be found in Ref. [20].
A GEANT4-based [21] Monte Carlo (MC) simulation

software package, BOOST [22] is used to generate the signal
and background MC samples. The signal process of
eþe− → ΛΛ̄ at

ffiffiffi
s

p ¼ 2.2324 GeV is generated uniformly
in phase space (PHSP) since GE equals to GM at threshold
by definition [9]. The corresponding correction factor is
calculated by taking the higher-order processes with one
radiative photon in the final states and the energy spread of
collider beams into consideration, where the energy spread
is inversely proportional to the beam energy, to be
0.48 MeV from a scaling at J/ψ peak. The subsequent
decays of Λ → pπ−, Λ̄ → p̄πþ for mode I, and Λ̄ → n̄π0,
Λ → X for mode II are generated with EVTGEN [23]. The

signal process of eþe− → ΛΛ̄ at
ffiffiffi
s

p ¼ 2.400, 2.800 and
3.080 GeV is generated with the software package CONEXC

[24], which includes correction factors for higher-order
processes with one radiative photon. Simulated samples of
the QED background processes eþe− → lþl−ðl ¼ e; μÞ and
eþe− → γγ are generated with BABAYAGA [25]. The generic
(“inclusive”) MC samples for hadronic final states from
eþe− collision are generated with LUNDAREA [26].

III. RECONSTRUCTION OF e + e− → ΛΛ̄ ATffiffi
s

p
= 2.2324 GeV

The process eþe− → ΛΛ̄ at
ffiffiffi
s

p ¼ 2.2324 GeV is
selected via two decay modes, with the final state topol-
ogies pp̄πþπ− and n̄π0X. Due to the near-threshold
production and small PHSP in ΛðΛ̄Þ decays, the nucleon
and antinucleon in the final state are difficult to detect. Thus
it is impossible to fully reconstruct the final states. Instead,
we employ an indirect search for the antiproton in mode I
and search for mono-energetic π0 in mode II, respectively.
For mode I, the low momentum pions from signal final

states can be detected directly. A good charged track must
have a polar angle θ within j cos θj < 0.93 and have a point
of closest approach to the interaction point (IP) in the plane
perpendicular to the beam, Vxy, within 1 cm and along the
beam direction, Vz, within 10 cm. The combined informa-
tion of specific ionisation (dE/dx) and the time-of-flight
(TOF) system is used to calculate particle identification
(PID) probabilities for the pion, kaon and proton hypoth-
eses, and the particle type with the highest probability is
assigned to the track. The candidate events are required to
have two good charged tracks identified as one positive and
one negative pion, and the momentum of the charged pions
is required to be within [0.08, 0.11] GeV/c, as expected
from ΛðΛ̄Þ decay.
The antiproton annihilates from signal final states in the

interaction with nucleons of detector materials, mostly in
the beam pipe, and produces secondary particles. The
distribution of the largest Vxy of all tracks apart from
the two good charged pions in an event, Vr, as shown in
Fig. 1(a), shows an enhancement around 3 cm, which is the
distance from the IP to the beam pipe. After applying the
above selection criteria, the inclusive background processes
in our MC data sample do not contribute to the enhance-
ment. Besides, based on a study of pion momentum
sidebands, which are the events located in ½0.15;
0.18� GeV/c of pion momentum, there is no peaking
background around 3 cm in the Vr distribution. The number
of signal events for mode I is extracted by fitting the Vr
distribution, where the signal is described by the MC shape,
the background is described by the sideband of the π
momentum as it is consistent with the distribution from
inclusive background processes.
For mode II, at most one good charged track is allowed

and at least three neutral candidates are required. Neutral
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candidates are required to have a minimum energy of
25 MeV in the barrel region or 50 MeV in the end-cap
region. To eliminate showers produced by charged par-
ticles, the neutral candidates are required to have no
associated charged tracks within 10°. The most energetic
shower is assumed to be a n̄ and others to be photons,
motivated by MC simulations, since the n̄ annihilates with
material in electromagnetic calorimeter (EMC) and pro-
duces several secondary particles with total energy up to
2mn GeV, wheremn is the mass of neutron from the Particle
Data Group (PDG) [27]. A π0 candidate is identified by a
one-constrained (1C) kinematic fit on π0 mass applied to
each photon pair. The energy asymmetry jEγ1 − Eγ2 j/pπ0 is
required to be less than 0.95c. Furthermore, the angle
between the momentum directions of the π0 and n̄
candidates is required to be larger than 140°. If there are
several photon pair combinations, the one giving the
smallest χ21C is identified as the π0 candidate. To improve
the signal-to-background ratio, only events with χ21C < 20

are accepted.
After the preliminary selection for mode II, most of the

background events from QED processes can be removed.
The inclusive hadronic final states with multiple π0s and the
beam-associated background events [28] are the dominant
background sources. A dedicated data sample collected
with BESIII with noncolliding beams is used to study the
beam-associated background and is described in Ref. [9].
To separate the signal from the background, mainly to
distinguish between n̄ and γ, the boosted decision tree
(BDT) technique [29] is used in this analysis. The signal
events are generated with a PHSP generator. The back-
ground events are mixtures of hadronic final states and
separated-beam events, where the number of hadronic final
states is normalized according to the luminosity, and the
number of separated-beam events is normalized to the
remaining number of events in data. Separate sets of BDTs
are built with eight discriminating variables. All input
variables are EMC-related and are shown in Table I,

together with their normalized importance values. An
optimal classifier requirement is applied for the BDT
output. The distribution of π0 momentum in data and
remaining background after the full selection is shown in
Fig. 1(b), where a clear enhancement can be observed
around 0.1 GeV/c. An unbinned maximum likelihood fit is
performed to determine the number of signal events, where
the signal is described by the MC shape convoluted with a
Gaussian function, and the background is described by a
linear function which appears to give a good description for
the background.
The Born cross section of the process eþe− → ΛΛ̄ is

determined from

σB ¼ Nobs

Lintϵð1þ δÞB ; ð3Þ

where Lint is the integrated luminosity, ϵ is the detection
efficiency obtained from the signal MC sample, and 1þ δ
is the radiative correction factor, determined by taking the
energy spread and initial state radiation (ISR) photon
emission and the vacuum polarization into account. B is
the product of decay branching fractions of intermediate
states Λ → pπ− and Λ̄ → p̄πþ for mode I, Λ̄ → n̄π0,
Λ → X and π0 → γγ for mode II.
Several sources of systematic uncertainties are consid-

ered for the determination of the cross section atffiffiffi
s

p ¼ 2.2324 GeV. The uncertainties for reconstruction
of low momentum pions for mode I are studied with
J/ψ → pp̄πþπ−. The differences of the efficiencies
between data and MC are taken as the uncertainties,which
give 12.3% for tracking and 1.0% for PID. The uncertainty
of the Vr selection in mode I is also studied from the J/ψ →
pp̄πþπ− process. The recoil momentum of pπþπ− is
required to be within ½0.08; 0.12� GeV/c to match the
kinematics of the Λ̄ decay. The efficiency is defined as
the number of events with Vr less than 5 cm to the number
of events with the recoil mass of pπþπ− lying in the
antiproton mass region. This uncertainty is estimated to be
0.3%. The uncertainties of n̄ and π0 selection for mode II
are studied in the processes, to be 2.2% and 2.3%,
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FIG. 1. (a) Fitted Vr distribution for mode I and (b) fitted pðπ0Þ
for mode II. The dots with error bars are data, the solid curves
(red) are the fit results, the dashed curves (pink) show the signals,
the dash-dot curves (blue) show the backgrounds and the shaded
histograms are the summed background from exclusive back-
ground process which mainly stem from hadronic final states for
mode I, hadronic final states and beam-associated background.

TABLE I. The variables used in the BDT classifier, ranked by
the importance.

Rank Variable Importance

1 Energy deposition within 40° cone 2.4 × 10−1

2 Deposited energy 2.0 × 10−1

3 Deposit of energy seed 1.3 × 10−1

4 Number of hits within 40° cone 1.1 × 10−1

5 Number of hits 1.0 × 10−1

6 Lateral moment 9.3 × 10−2

7 Second moment 7.6 × 10−2

8 Deposition shape [30] 5.4 × 10−2
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respectively. The uncertainty associated with the BDT
output requirement for mode II is estimated by selecting
n̄ sample from process J/ψ → pn̄π−. The efficiency is
obtained by applying the same classifier on data and MC,
and the difference of 4.8% is taken as the uncertainty. The
uncertainty due to the fit procedure is investigated by
replacing the background shape with an inclusive MC
distribution and varying the fit range, and the uncertainties
are found to be 4.6% and 8.8% for modes I and II. The
uncertainty of the ISR correction is studied by changing the
cross section line shape of eþe− → ΛΛ̄ in the MC gen-
erator and then taking the difference of −3.6

þ18.5% in the
obtained ISR correction factor as the uncertainty. The
uncertainty due to the energy spread correction is 2.0%
by taking an alternative energy spread value from another
ψð3686Þ scan. From a measurement of J/ψ meson param-
eters [31], there is a nominal energy measurement uncer-
tainty, 0.59 MeV, by comparing the mass of reconstructed
J/ψ meson with the mass from PDG. Since the two data
sets are collected in the same data-taking period, we treat
the uncertainty of energy measurement in this analysis to be
the same as J/ψ . By interpolating the line shape with c.m.
energy value, the difference on ϵð1þ δÞ, 3.9%, is taken as
the uncertainty from nominal c.m. energy measurement.
The uncertainty of the trigger efficiency is 1.0% for mode II
[32]. The uncertainty of the integral luminosity is 1.0%, as
determined from large-angle Bhabha events [33].
Assuming all the sources of systematic uncertainty are
independent, the total uncertainties are obtained by adding
the individual contributions in quadrature, to be þ23.2

−14.4 % and
þ22.1
−12.6 % for modes I and II, respectively.
The systematic uncertainty in the effective FF jGj can be

derived from Eq. (2). It is half of that of the Born cross
section for the uncertainty sources not related with c.m.
energy. For the uncertainty from nominal c.m. energy
measurement and energy spread, due to the rapid variation
of the velocity β versus the c.m. energy near threshold,
large uncertainties are taken into consideration, to be
þ22.6
−9.3 % for energy shift and þ15.2

−9.7 % for energy spread,
respectively.

IV. RECONSTRUCTION OF e+ e − → ΛΛ̄ AT
OTHER ENERGY POINTS

The analysis at c.m. energies
ffiffiffi
s

p ¼ 2.400, 2.800 and
3.080 GeV is straightforward since full reconstruction of
the final state pp̄πþπ− is feasible. Four good charged tracks
with Vxy within 10 cm and Vz within 30 cm, identified as
one proton-antiproton pair and one pion pair ðπþπ−Þ are
required. Candidates for ΛðΛ̄Þ are reconstructed with
proton and pion tracks. A secondary vertex fit is performed
and the track parameters are used to obtain the invariant
mass Mpπ−ðMp̄πþÞ. The mass window requirement jMpπ −
MΛj < 0.01 GeV/c2 is used to select ΛðΛ̄Þ candidates,
where MΛ is the nominal mass of Λ from the PDG [27].

Further, c.m. energy dependent requirements on the open-
ing angle between Λ and Λ̄ in the center-of-mass system,
θΛΛ̄ > 170°, 176°, 178° at

ffiffiffi
s

p ¼ 2.400, 2.800, 3.080 GeV
are applied.
The background of the eþe− → ΛΛ̄ channel either

comes from non-Λ background or Λ peaking background.
The non-Λ background is studied from the two-
dimensional sideband of Mpπ− and Mp̄πþ . The sideband
regions 1.084 < Mpπþ/p̄πþ < 1.104 GeV/c2 are defined to
investigate the potential background without Λ or Λ̄ in the
final states. The Λ peaking background is studied from the
exclusive processes, eþe− → Σ0Σ̄0, eþe− → ΛΣ̄0 and
eþe− → Ξ0Ξ̄0. After applying the same selection criteria
for the MC samples of these background channels with
luminosity normalized, the numbers of surviving back-
ground events are found to be negligible.
With the selection criteria applied, the ratios of the ΛΛ̄

invariant mass to c.m. energy, MΛΛ̄/
ffiffiffi
s

p
, are shown in

Fig. 2, between data and signal MC. Since the number of
background events in the peaks can be neglected, we take
the number of counts in the range of 0.98 < MΛΛ̄/

ffiffiffi
s

p
<

1.02 as signal events, Nobs.
The Born cross sections of the process eþe− → ΛΛ̄ atffiffiffi
s

p ¼ 2.400, 2.800 and 3.080 GeV are determined by
Eq. (3). The detection efficiency ϵ is determined from
MC. The electromagnetic FF ratio, jGE/GMj, has an impact
on the angular distribution of ΛðΛ̄Þ. To address the
dependency of the angular distribution of the produced
baryon, the detection efficiency is evaluated with the MC
samples by sampling the baryon angular distribution with
(1þ cos2θ) and (1 − cos2θ), where θ is the polar angle of
Λ, corresponding to the jGEj ¼ 0 and jGMj ¼ 0, respec-
tively. The nominal detection efficiency is the average of
these efficiencies.
Various sources of systematic uncertainties in the

cross section measurements at
ffiffiffi
s

p ¼ 2.400, 2.800 and
3.080 GeV have been studied. The uncertainty from
reconstruction of ΛðΛ̄Þ and the mass window requirement
is determined to be 4.5%, as determined by a control
sample of J/ψ → pK−Λ̄þ c:c. The unknown angular
distribution of the Λ/Λ̄ introduces an additional uncertainty

0.96 0.98 1.00 1.02

E
v
e
n
ts

 /
 (

0
.0

0
2
)

0

5

10

15

)-2 (cs/ΛΛM
0.96 0.98 1.00 1.020

1

2

3

4

0.96 0.98 1.00 1.020

2

4

6 Data

MC

(a) (b) (c)
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with error bars are data and the solid curves (red) are the MC
simulated events.
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in the efficiency. This uncertainty is estimated by taking
half of the difference between the two extremes (1þ cos2θ)
and (1 − cos2θ) and is within the range 10.8%∼12.7%,
depending on the c.m. energy. The uncertainty from the
ISR correction factor is estimated by varying the input cross
section line shape of eþe− → ΛΛ̄ within uncertainty, and is
in the range 2.2%–4.0% depending on c.m. energy. The
uncertainty of integrated luminosity is 1.0% [33]. The
uncertainties are assumed to be uncorrelated and combined
in quadrature, giving in total of 13.0%∼14.0% for the
cross section measurements at

ffiffiffi
s

p ¼ 2.400, 2.800 and
3.080 GeV.

V. RESULTS AND CONCLUSION

The resulting Born cross section and the effective FFs of
Λ in the timelike region, defined in Eq. (2), atffiffiffi
s

p ¼ 2.2324, 2.400, 2.800 and 3.080 GeVare summarized
in Table II. The results at

ffiffiffi
s

p ¼ 2.2324 GeV from modes I
and II are combined taking into account the correlation
between the uncertainties of the two decay modes [34,35].
A comparison of the Born cross sections and the

effective FFs of the process eþe− → ΛΛ̄ with previous
experimental results is illustrated in Fig. 3, with the mass of
ΛΛ̄ pair relative to the its threshold. For better resolution at

ffiffiffi
s

p ¼ 2.2324 GeV, a zoomed-in result in the near-thresh-
old region is inserted in each plot. Our results are consistent
with previous experiments, but with improved precision.
A phenomenological fit, according to the expectation that
the cross section should be proportional to the PHSP factor
times a perturbative QCD (pQCD) driven energy power
[36], is also given in Fig. 3. The anomalous behavior
differing from the pQCD prediction at threshold is
observed.
In summary, based on an integrated luminosity of

2.63 pb−1 data collected at
ffiffiffi
s

p ¼ 2.2324 GeV, which is
1.0 MeV above the ΛΛ̄ mass threshold, we present a
measurement of the process eþe− → ΛΛ̄. The Born
cross section at

ffiffiffi
s

p ¼ 2.2324 GeV is determined to be
305� 45þ66

−36 pb, where the first uncertainty is statistical
and the second systematic. The result is larger than the
traditional theory expectation for neutral baryon pairs,
which predicts a vanishing cross section at threshold
according to Eq. (1). The observed threshold enhancement
implies a more complicated underlying physics scenario.
The Born cross sections of process eþe− → ΛΛ̄ are also
measured at

ffiffiffi
s

p ¼ 2.400, 2.800 and 3.080 GeV, and are in
good agreement with BABAR and DM2’s results [14,15],
but with improved precision. Furthermore, the effective
electromagnetic FFs of Λ are presented at each c.m. energy.

TABLE II. The measured Born cross sections, σB. The subscripts 1, 2 and c denote mode I, mode II and the
combined result. The first uncertainties are statistical and the second systematic.
ffiffiffi
s

p
(GeV) Lint (pb−1) Nobs ϵð1þ δÞ (%) σB (pb) jGj (×10−2)

2.23241 2.63 43� 7 12.9 312� 51þ72
−45

2.23242 2.63 22� 6 8.25 288� 96þ64
−36

2.2324c 305� 45þ66
−36 61.9� 4.6þ18.1

−9.0

2.400 3.42 45� 7 25.3 128� 19� 18 12.7� 0.9� 0.9
2.800 3.75 8� 3 36.1 14.8� 5.2� 1.9 4.10� 0.72� 0.26
3.080 30.73 13� 4 24.5 4.2� 1.2� 0.5 2.29� 0.33� 0.14
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FIG. 3. Comparisons of (a) the Born cross section and (b) effective FF in this analysis with previous experiments for ΛΛ̄ masses from
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and DM2 results. The dotted lines (green) are a phenomenological fit according to a pQCD prediction, the dotted vertical lines indicate
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The results in this analysis may help to understand the
mechanism of baryon production and test the theory
hypotheses based on the threshold enhancement effect.

ACKNOWLEDGMENTS

The BESIII Collaboration thanks the staff of BEPCII,
the IHEP computing center and the supercomputing
center of USTC for their strong support. This work is
supported in part by National Key Basic Research Program
of China under Contract No. 2015CB856700; National
Natural Science Foundation of China (NSFC) under
Contracts No. 11235011, No. 11322544, No. 11335008,
No. 11425524, No. 11635010; the Chinese Academy of
Sciences (CAS) Large-Scale Scientific Facility Program;
the CAS Center for Excellence in Particle Physics
(CCEPP); the Collaborative Innovation Center for
Particles and Interactions (CICPI); Joint Large-Scale
Scientific Facility Funds of the NSFC and CAS under
Contracts No. U1232201, No. U1332201, No. U1532257,

No. U1532258; CAS under Contracts No. KJCX2-YW-
N29, No. KJCX2-YW-N45; 100 Talents Program of CAS;
National 1000 Talents Program of China; INPAC and
Shanghai Key Laboratory for Particle Physics and
Cosmology; German Research Foundation DFG under
Contracts No. Collaborative Research Center CRC
1044, No. FOR 2359; Istituto Nazionale di Fisica
Nucleare, Italy; Koninklijke Nederlandse Akademie van
Wetenschappen (KNAW) under Contract No. 530-
4CDP03; Ministry of Development of Turkey under
Contract No. DPT2006K-120470; National Natural
Science Foundation of China (NSFC) under Contract
No. 11505010; The Swedish Resarch Council; U.S.
Department of Energy under Contracts No. DE-FG02-
05ER41374, No. DE-SC-0010504, No. DE-SC-0010118,
No. DE-SC-0012069; U.S. National Science Foundation;
University of Groningen (RuG) and the Helmholtzzentrum
fuer Schwerionenforschung GmbH (GSI), Darmstadt;
WCU Program of National Research Foundation of
Korea under Contract No. R32-2008-000-10155-0.

[1] N. Cabibbo and R. Gatto, Phys. Rev. 124, 1577 (1961).
[2] J. Schwinger, Particle, Sources, and Fields (Perseus Books

Publishing, Massachusetts, 1998), Vol. 3.
[3] A. B. Arbuzov and T. V. Kopylova, J. High Energy Phys.

04 (2012) 009.
[4] B. Delcourt et al. (DM1 Collaboration), Phys. Lett. B 86,

395 (1979).
[5] D. Bisello et al. (DM2 Collaboration), Nucl. Phys. B224,

379 (1983); Z. Phys. C 48, 23 (1990).
[6] A. Antonelli et al. (FENICE Collaboration), Nucl. Phys.

B517, 3 (1998).
[7] T. K. Pedlar et al. (CLEO Collaboration), Phys. Rev. Lett.

95, 261803 (2005).
[8] J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D 87,

092005 (2013); Phys. Rev. D 88, 072009 (2013).
[9] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 91,

112004 (2015).
[10] G. Bardin et al. (PS170 Collaboration), Nucl. Phys. B411, 3

(1994).
[11] T. A. Armstrong et al. (E760 Collaboration), Phys. Rev.

Lett. 70, 1212 (1993).
[12] M. Ambrogiani et al. (E835 Collaboration), Phys. Rev. D

60, 032002 (1999); M. Andreotti et al., Phys. Lett. B 559,
20 (2003).

[13] M. N. Achasov et al., Phys. Rev. D 90, 112007 (2014).
[14] D. Bisello et al. (DM2 Collaboration), Z. Phys. C 48, 23

(1990).
[15] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 76,

092006 (2007).
[16] S. Dobbs, A. Tomaradze, T. Xiao, K. K. Seth, and G.

Bonvicini, Phys. Lett. B 739, 90 (2014).

[17] M. Ablikim et al. (BESIII Collaboration), arXiv:
1710.00150.

[18] O. D. Dalkarov, P. A. Khakhulin, and A. Y. Voronin, Nucl.
Phys. A833, 103 (2010); B. El-Bennich, M. Lacombe, B.
Loiseau, and S. Wycech, Phys. Rev. C 79, 054001 (2009);
J. Haidenbauer, H.-W. Hammer, U.-G. Meissner, and A.
Sibirtsev, Phys. Lett. B 643, 29 (2006); H. Fonvieille and
V. A. Karmanov, Eur. Phys. J. A 42, 287 (2009); L. Zhao,
N. Li, S. L. Zhu, and B. S. Zou, Phys. Rev. D 87, 054034
(2013); J. Haidenbauer and U. G. Meißner, Phys. Lett. B
761, 456 (2016).

[19] R. Baldini, S. Pacetti, A. Zallo, and A. Zichichi, Eur. Phys.
J. A 39, 315 (2009).

[20] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 614, 345 (2010).

[21] S. Agostinelli et al. (GEANT4 Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[22] Z. Y. Deng et al., Chin. Phys. C 30, 371 (2006).
[23] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A

462, 152 (2001); R. G. Ping et al., Chin. Phys. C 32, 599
(2008).

[24] R. G. Ping, Chin. Phys. C 38, 083001 (2014).
[25] C. M. Carloni Calame, Phys. Lett. B 520, 16 (2001).
[26] J. C. Chen, G. S. Huang, X. R. Qi, D. H. Zhang, and Y. S.

Zhu, Phys. Rev. D 62, 034003 (2000).
[27] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38,

090001 (2014).
[28] C. Bernardini, G. F. Corazza, G. Di Giugno, G. Ghigo, J.

Haissinski, P. Marin, R. Querzoli, and B. Touschek, Phys.
Rev. Lett. 10, 407 (1963).

[29] A. Hoecker et al., Proc. Sci., ACAT2007 (2007) 040.

M. ABLIKIM et al. PHYS. REV. D 97, 032013 (2018)

032013-8

https://doi.org/10.1103/PhysRev.124.1577
https://doi.org/10.1007/JHEP04(2012)009
https://doi.org/10.1007/JHEP04(2012)009
https://doi.org/10.1016/0370-2693(79)90864-5
https://doi.org/10.1016/0370-2693(79)90864-5
https://doi.org/10.1016/0550-3213(83)90381-4
https://doi.org/10.1016/0550-3213(83)90381-4
https://doi.org/10.1007/BF01565602
https://doi.org/10.1016/S0550-3213(98)00083-2
https://doi.org/10.1016/S0550-3213(98)00083-2
https://doi.org/10.1103/PhysRevLett.95.261803
https://doi.org/10.1103/PhysRevLett.95.261803
https://doi.org/10.1103/PhysRevD.87.092005
https://doi.org/10.1103/PhysRevD.87.092005
https://doi.org/10.1103/PhysRevD.88.072009
https://doi.org/10.1103/PhysRevD.91.112004
https://doi.org/10.1103/PhysRevD.91.112004
https://doi.org/10.1016/0550-3213(94)90052-3
https://doi.org/10.1016/0550-3213(94)90052-3
https://doi.org/10.1103/PhysRevLett.70.1212
https://doi.org/10.1103/PhysRevLett.70.1212
https://doi.org/10.1103/PhysRevD.60.032002
https://doi.org/10.1103/PhysRevD.60.032002
https://doi.org/10.1016/S0370-2693(03)00300-9
https://doi.org/10.1016/S0370-2693(03)00300-9
https://doi.org/10.1103/PhysRevD.90.112007
https://doi.org/10.1007/BF01565602
https://doi.org/10.1007/BF01565602
https://doi.org/10.1103/PhysRevD.76.092006
https://doi.org/10.1103/PhysRevD.76.092006
https://doi.org/10.1016/j.physletb.2014.10.025
http://arXiv.org/abs/1710.00150
http://arXiv.org/abs/1710.00150
https://doi.org/10.1103/PhysRevC.79.054001
https://doi.org/10.1016/j.physletb.2006.10.016
https://doi.org/10.1140/epja/i2009-10884-4
https://doi.org/10.1103/PhysRevD.87.054034
https://doi.org/10.1103/PhysRevD.87.054034
https://doi.org/10.1016/j.physletb.2016.08.067
https://doi.org/10.1016/j.physletb.2016.08.067
https://doi.org/10.1140/epja/i2008-10716-1
https://doi.org/10.1140/epja/i2008-10716-1
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1088/1674-1137/32/8/001
https://doi.org/10.1088/1674-1137/32/8/001
https://doi.org/10.1088/1674-1137/38/8/083001
https://doi.org/10.1016/S0370-2693(01)01108-X
https://doi.org/10.1103/PhysRevD.62.034003
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1103/PhysRevLett.10.407
https://doi.org/10.1103/PhysRevLett.10.407


[30] The energy seed is the calorimeter channel with the
maximum energy deposit among its neighbor calorimeter
channels within one cluster. The second moment is
defined as

P
n
i Eir2i /

P
n
i Ei, and the lateral moment is

defined as
P

n
i¼3 Eir2i /ðE1r20 þ E2r20 þ

P
n
i¼3 Eir2i Þ, where

r0 ¼ 5 cm is the average distance between adjacent
crystal centers, ri is the radial distance of crystal i from
the cluster center, and Ei is the crystal energy in
decreasing order. The deposition shape is defined as
ðE5×5 − E3×3Þ/E5×5, where E3×3 and E5×5 are the depos-
ited energies in 3 × 3 and 5 × 5 crystals around the seed
energy, respectively.

[31] X. Zhou, Overview of QCD studies at BESIII, in Proceed-
ings of Excited QCD, Sintra, Portugal, 2017 (2017).

[32] N. Berger, Z.-A. Liu, D.-P. Jin, H. Xu, W.-X. Gong, K.
Wang, and G.-F. Cao, Chin. Phys. C 34, 1779 (2010).

[33] M. Ablikim et al. (BESIII Collaboration), arXiv:
1702.04977.

[34] G. D’Agostini, Nucl. Instrum. Methods Phys. Res., Sect. A
346, 306 (1994).

[35] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 89,
074039 (2014).

[36] S. Pacetti, R. B. Ferroli, and E. Tomasi-Gustafsson, Phys.
Rep. 550–551, 1 (2015).

OBSERVATION OF A CROSS-SECTION ENHANCEMENT … PHYS. REV. D 97, 032013 (2018)

032013-9

https://doi.org/10.1088/1674-1137/34/12/001
http://arXiv.org/abs/1702.04977
http://arXiv.org/abs/1702.04977
https://doi.org/10.1016/0168-9002(94)90719-6
https://doi.org/10.1016/0168-9002(94)90719-6
https://doi.org/10.1103/PhysRevD.89.074039
https://doi.org/10.1103/PhysRevD.89.074039
https://doi.org/10.1016/j.physrep.2014.09.005
https://doi.org/10.1016/j.physrep.2014.09.005

