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Using e+e− collision data collected with the BESIII detector operating at the BEPCII collider, the
Born cross sections of e+e− → Λ+

c Λ̄c(2595)
− + c.c. and e+e− → Λ+

c Λ̄c(2625)
− + c.c. are measured

for the first time at center-of-mass energies of
√
s = 4918.0 and 4950.9 MeV. Non-zero cross

sections are observed very close to the production threshold. The measured Born cross sections of
e+e− → Λ+

c Λ̄c(2625)
−+c.c. are about 2 ∼ 3 times greater than those of e+e− → Λ+

c Λ̄c(2595)
−+c.c.,

providing the similar behavior as semileptonic decays of Λ0
b , but different behavior from that in

the hadronic decays of Λ0
b . The Born cross sections are 15.6 ± 3.1 ± 0.9 pb and 29.4 ± 3.7 ± 2.7

pb for e+e− → Λ+
c Λ̄c(2595)

− + c.c., and are 43.4 ± 4.0 ± 4.1 pb and 76.8 ± 6.5 ± 4.2 pb for
e+e− → Λ+

c Λ̄c(2625)
− + c.c. at

√
s = 4918.0 and 4950.9 MeV, respectively. Based on the polar

angle distributions of the Λ̄c(2625)
− and Λc(2625)

+, the form-factor ratios
√

|GE |2 + 3|GM |2/|GC |
are determined for e+e− → Λ+

c Λ̄c(2625)
− + c.c. for the first time, which are 5.95 ± 4.07± 0.15 and

0.94± 0.32 ± 0.02 at
√
s = 4918.0 and 4950.9 MeV, respectively. All of these first uncertainties are

statistical and second systematic.

Since the discovery of the ground-state Λ+
c [1, 2],

abundant excited charmed baryons have been reported
in experiment [3]. Studies of their spectroscopy and
internal structures provide important information for the
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understanding of the chiral symmetry breaking and the
heavy quark symmetry [4]. The first two excited states
of Λ+

c are Λc(2595)
+ and Λc(2625)

+ [5–8]. Under the
prediction of the quark model, they correspond to the
degenerate pair of P -wave excited states, with spin-parity
1/2− and 3/2−, respectively. In recent years, their exotic
properties have attracted much attention in both theory
and experiment.

The CDF collaboration reported the production of
Λc(2595)

+ and Λc(2625)
+ in the semileptonic decays of

Λ0
b [9]. The measured decay rate of Λ0

b → Λc(2625)
+µ−ν̄µ

is about twice that of Λc(2595)
+µ−ν̄µ, which contradicts

the calculation of lattice QCD (LQCD) in the larger q2

region [10, 11]. Based on the conventional quark config-
uration, LQCD calculation gives a much lower differ-
ential decay rate of Λ0

b → Λc(2625)
+µ−ν̄µ. Because the

measured mass of Λc(2595)
+ lies just on the threshold of

Σc(2455)π within a few MeV [3], the exotic structure
of Λc(2595)

+ was proposed to interpret the contra-
diction, e.g., the dynamically generated meson-baryon
states [12, 13] that is analogous to the reverse problem of
Λ(1405) [14] and Λ(1520) [15]. The LHCb collaboration
reported the production of Λc(2595)

+ and Λc(2625)
+ in

the hadronic decays of Λ0
b [16]. The measured decay rates

of Λ0
b → Λc(2625)

+π− and Λ0
b → Λc(2595)

+π− are equiv-
alent, which provides different behavior from that in the
semileptonic decays. So far, the nature of Λc(2595)

+ and
Λc(2625)

+ is still mysterious and experimental results
are limited. The study of baryon-pair production via
e+e− annihilation is an effective and crucial approach
to disentangle the structure information which is always
involved in the theoretical calculation for the interaction
vertex between virtual photon and baryons. At the
moment, there are no such experimental results for these
two excited charmed baryons. Therefore, the measure-
ments of the production cross sections for the processes
involving these excited charmed baryons are essential to
disentangle different interpretations.

In the center-of-mass energy range from 2.0 to
4.95 GeV, BESIII has already performed a series of
measurements, not only production cross sections of
baryon pairs, but also their electromagnetic form factors
(EMFFs) [17–26]. Above 4.9 GeV, the production of
Λc(2595)

+ or Λc(2625)
+ accompanied by the ground-

state Λ+
c is allowed. The data samples above 4.9 GeV [27]

provide an ideal opportunity to study the production of
e+e− → Λ+

c Λ̄c(2595)
−+c.c. and e+e− → Λ+

c Λ̄c(2625)
−+

c.c..

In this Letter, we report the measurements of the Born
cross sections of the processes e+e− → Λ+

c Λ̄c(2595)
− +

c.c. and e+e− → Λ+
c Λ̄c(2625)

− + c.c. processes at
the two center-of-mass (c.m.) energies of

√
s = 4918.0

and 4950.9 MeV for the first time. The integrated
luminosities at these energy points are 207.8 ± 1.1 and
159.3 ± 0.9 pb−1 [27], respectively. Additionally, we
analyze the polar angle distributions of Λ̄c(2625)

− and

its antiparticle, Λc(2625)
+, to determine the form-factor

ratios
√

|GE |2 + 3|GM |2/|GC | for the first time near the
production threshold of e+e− → Λ+

c Λ̄c(2625)
− + c.c..

A detailed description of the design and perfor-
mance of the BESIII detector can be found in Ref. [28,
29]. Simulated events, which are produced with
the geant4-based [30] Monte Carlo (MC) simulation
programs implementing the geometric description [31]
of the BESIII detector and detector response, are
used to determine detection efficiencies and to estimate
backgrounds. The signal MC samples of the e+e− →
Λ+
c Λ̄c(2595)

− and e+e− → Λ+
c Λ̄c(2625)

− processes,
where Λ+

c directly from e+e− annihilation decays into
pK−π+ and Λ̄c(2595)

−/Λ̄c(2625)
− decays generically,

are simulated at individual c.m. energies using the kkmc
generator [32]. The software package besevtgen [33]
handles the procedure of subsequent decays after the
productions of e+e− → Λ+

c Λ̄c(2595)
− and e+e− →

Λ+
c Λ̄c(2625)

−. These samples are denoted as the See

contribution in this analysis. Meanwhile, another signal
MC samples for the processes e+e− → Λ̄−

c Λc(2595)
+ and

e+e− → Λ̄−
c Λc(2625)

+ are also produced, where the Λ+
c

decaying into pK−π+ comes from the excited charmed
baryon decays, i.e, Λc(2595)

+ and Λc(2625)
+, while Λ̄−

c

decays generically. These samples are denoted as Sinte.
The charge-conjugate processes are also generated and
included in See and Sinte. The Λc(2595)

+ and Λc(2625)
+

eventually decay to the final states of Λ+
c π

+π− and
Λ+
c π

0π0, and the ratio between Λ+
c π

+π− and Λ+
c π

0π0

is 2:1 as the expectation under isospin assumption [34].
But as reported in the Particle Data Group (PDG) [3],
the indirect determination this ratio [35] can violate the
naive expectation. For all these signal MC samples,
the initial-state radiation (ISR) [36] and the beam
energy spread [37] are implemented during the gener-
ation process. In addition, the c.m. energy-dependent
Born cross sections, measured and parameterized in this
work, are inputs in the kkmc generator iteratively. To
achieve a better simulation, the polar angle (θ) distri-
butions of Λ̄c(2595)

− and Λ̄c(2625)
− are considered in

the generator via a parametrization of f(cos θ) ∝ (1 +
αΛc

cos2θ). For the e+e− → Λ+
c Λ̄c(2625)

− production,
the value of αΛc

is assigned as the one measured by this
analysis, while for e+e− → Λ+

c Λ̄c(2595)
−, αΛc

= 1 is
used, and possible deviation from it is considered as a
source of systematic uncertainty. The angular distribu-
tions are also taken into account in the generator for the
charge-conjugate processes. To study the background,
the inclusive MC samples, including the e+e− → Λ+

c Λ̄
−
c

events, the e+e− → ℓ+ℓ− (ℓ = e, µ, and τ) events, the
D(s) production, the ISR return to lower-mass ψ states,
and the continuum processes e+e− → qq̄ (q = u, d, s), are
produced. The final-state radiation of charged final-state
particles is simulated using the photos [38] package.
All these inclusive background MC samples, except for
the e+e− → ℓ+ℓ− events, are combined according to the
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corresponding observed cross sections and referred to as
the qq̄ process hereafter. Unless explicitly stated, the
charge-conjugate processes are implied in the following
description of selecting signal candidates.
The Λ+

c candidates are selected with the following
criteria: (i) the charged tracks detected in the helium-
based main drift chamber (MDC) must satisfy |cos θ| <
0.93 where θ is defined with respect to the z-axis,
which is the symmetry axis of the MDC, and have a
distance of closest approach to the interaction point of
less than 10 cm along the z-axis and less than 1 cm
in the perpendicular plane; (ii) the particle identifi-
cation (PID) is implemented by calculating the proba-
bility using the specific ionization energy loss infor-
mation provided by the MDC and the time-of-flight infor-
mation, and each charged track is assigned a particle
type hypothesis (p, K−, and π+) with the highest
probability. To avoid losing the signal events, all the
pK−π+ combinations are retained. The distributions of
the pK−π+ invariant masses, MpK−π+ , after requiring
M rec

Λ+
c

> 2.55 GeV/c2, are shown in Figs. 1(a) and 1(b),

where evident Λ+
c signals are observed at both energy

points. The M rec
Λ+

c

is the recoiling mass against the

reconstructed Λ+
c in the c.m. system. After requiring

MpK−π+ ∈ (2.27, 2.30) GeV/c2, clear Λ̄c(2595)
− and

Λ̄c(2625)
− signals are observed in the M rec

Λ+
c

spectra,

as illustrated in Figs. 2(a) and 2(b), which indicate
the existence of the processes e+e− → Λ+

c Λ̄c(2595)
− +

c.c. and e+e− → Λ+
c Λ̄c(2625)

− + c.c.. Studies based
on the inclusive MC samples show that the dominant
background contamination is from the qq̄ process.
The Born cross sections (σ) for individual signal

processes are obtained with unbinned maximun-
likelihood fits to the M rec

Λ+
c

distributions. In the fit, the

total yield Nobs takes

Nobs = N2595
sig +N2625

sig +Nbkg, (1)

where N2595
sig and N2625

sig are the yields of the e+e− →
Λ+
c Λ̄c(2595)

− + c.c. and e+e− → Λ+
c Λ̄c(2625)

− + c.c.
processes, respectively, while Nbkg is the number of total
residual background events. The signal yields for each
process are related with the Born cross sections σ by

Nsig = σLfVPfISRB(εee + εinte), (2)

where L is the integrated luminosity, fISR is the ISR
correction factor derived from the QED theory [36]
and calculated by inputting the line shape of the Born
cross sections into the generator, fVP = 1.06 is the
vacuum polarization (VP) correction factor [39, 40], and
B = (6.26 ± 0.29)% is the branching fraction of Λ+

c →
pK−π+ [3]. The εee stands for the detection efficiency
of See contributions and εinte for Sinte contributions.
There should exist factor 1/2 in Eq. 2, accounting for
that the reconstructed Λ+

c → pK−π+ has been catego-
rized to be either directly from e+e− collision or decayed

particle of the intermediate states, which is canceled
due to the charge-conjugate processes have been taken
into account. The charge-conjugate processes have been
assumed to have equal Born cross sections. The signal
shapes are derived from the signal MC samples, and those
of the See contributions are convolved with Gaussian
functions accounting for the differences between data
and MC simulation. The same Gaussian functions are
shared between the Λ̄c(2595)

− and Λ̄c(2625)
− signals

due to the limited statistics. The qq̄ contributions
are described with an ARGUS function [41], whose
parameters are determined by fitting the events in the
MpK−π+ sideband regions of MpK−π+ ∈ (2.19, 2.25) and
(2.32, 2.38) GeV/c2, as indicated by the green arrows in
Figs. 1(a) and 1(b). Moreover, at both energy points, the
e+e− → ΣcΣ̄c and e+e− → Λ+

c Σ̄cπ + c.c. (Σc = Σ0
c , Σ

+
c ,

and Σ++
c ) processes potentially exist, as they have the

same final state as the signal processes. Both processes
are taken into account as additional background compo-
nents, whose shapes are modeled by the MC simulation.
Due to the unknown production cross sections of these
two background processes, their normalization factors are
free in the fit. The total number of the background
events, i.e., Nbkg, includes the contributions from the qq̄,
e+e− → ΣcΣ̄c, and e

+e− → Λ+
c Σ̄cπ+c.c. processes. The

fit results are illustrated in Figs. 2(a) and 2(b) and listed
in Table I. Due to the yields of process e+e− → ΣcΣ̄c

are negligible at both energy points, according to the
fitting results, only the contributions of process e+e− →
Λ+
c Σ̄cπ + c.c. are shown in Figs 2 .
Since fISR and detection efficiencies depend on the

input Born cross sections line shape, an iterative
approach is employed to obtain stable fISR and detection
efficiencies. A perturbative QCD-motivated energy
power function [42, 43] is used to model the Born cross
sections line shape as

σ(s) =
Cβ

s
(1 +

2mm∗

s
)

c0

(s− c1)4[π2 + ln2( s
Λ2

QCD

)]2
, (3)

where the Coulomb factor C [23] parameterizes the
electromagnetic interaction between the outgoing baryon
and anti-baryon. This leads to a nonzero cross section
near the threshold by canceling the velocity of the
baryon in the c.m. system, i.e., β. It takes β =
√

1− 2(m2 +m2
∗)/s+ (m2 −m2

∗)
2/s2, where m (m∗)

denotes the nominal mass of the Λ+
c (Λ̄c(2595)

− or
Λ̄c(2625)

−) baryon. The free parameter c0 is the
normalization factor and c1 indicates the contribution of
potential resonant state. The variable ΛQCD is the QCD
scale and is fixed to be 0.35 GeV. After a few iterations,
the Born cross sections converged, as tabulated in Table I
and illustrated in Fig. 3 (a).
Due to the limited statistics of the e+e− →

Λ+
c Λ̄c(2595)

−+c.c. signal yields, the angular distribution
study is only performed for the e+e− → Λ+

c Λ̄c(2625)
− +
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FIG. 1. The MpK−π+ distributions of the Λ+
c candidates at

√
s = (a) 4918.0 and (b) 4950.9 MeV, where the shaded histograms

is the qq̄ contribution derived from the inclusive MC samples. The region between the blue arrows is the signal region, and the
regions between two neighbor green arrows are the sideband regions.
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FIG. 2. The recoiling mass distributions M rec

Λ
+
c

of the Λ+
c candidates at

√
s = (a) 4918.0 and (b) 4950.9 MeV, where the shaded

histograms are the events in the MpK−π+ sideband regions in data. The blue solid lines are the total fit curves, including the

signal contributions of e+e− → Λ+
c Λ̄c(2595)

− + c.c. and e+e− → Λ+
c Λ̄c(2625)

− + c.c., and the background contributions of qq̄,
e+e− → ΣcΣ̄c, and e+e− → Λ+

c Σ̄cπ + c.c.. The blue dashed lines are the contributions of e+e− → Λ+
c Σ̄cπ + c.c.. Other lines

label individual ones.

TABLE I. The Born cross sections of e+e− → Λ+
c Λ̄c(2595)

− + c.c. and e+e− → Λ+
c Λ̄c(2625)

− + c.c. at each energy point. The

angular distribution parameter αΛc
and the form-factor ratios

√

|GE |2 + 3|GM |2/|GC | of e+e− → Λ+
c Λ̄c(2625)

− + c.c..

Signal process e+e− → Λ+
c Λ̄c(2595)

− + c.c. e+e− → Λ+
c Λ̄c(2625)

−+c.c.
√
s (MeV) 4918.0 4950.9 4918.0 4950.9

Nsig 148± 29 216± 27 311± 28 552± 47

σ (pb) 15.6± 3.1± 0.9 29.4 ± 3.7± 2.4 43.4± 4.0± 4.1 76.8± 6.5± 4.2

αΛc
- - 0.82 ± 0.56± 0.02 −0.60± 0.20± 0.01

√

|GE |2 + 3|GM |2/|GC | - - 5.95 ± 4.07± 0.15 0.94 ± 0.32± 0.02

c.c. process. Assuming that one-photon exchange
dominates this process, the corresponding differential
Born cross section is parametrized by three EMFFs,

|GE |, |GM |, and |GC | (referred to as electric, magnetic,
and Coulombic form factors, respectively) [44, 45]. It is
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FIG. 3. (a) The Born cross sections of e+e− → Λ+
c Λ̄c(2595)

− +c.c. and e+e− → Λ+
c Λ̄c(2625)

− +c.c. and the fits using Eq. (3).

(b) The efficiency-corrected polar angle distributions of e+e− → Λ+
c Λ̄c(2625)

− + c.c. and the fits with the f(cos θ) function.

written as

dσ

dcosθ
∝ (1+cos2θ)(|GE |2+3|GM |2)+τ ·|GC |2 sin2θ, (4)

where τ = s/m2
∗ with m∗ is the mass of Λc(2625)

+ and
θ is the polar angle of the produced charmed baryon.
Since both energy points are close to the kinematic
threshold, the effects from the ISR returned e+e− →
Λ+
c Λ̄c(2625)

− + c.c. events are negligible and the polar
angle of the baryon is defined in the c.m. frame.
After parameterizing the polar angle distributions of the
outgoing Λ̄c(2625)

− and Λc(2625)
+ baryons with the

function f(cos θ) ∝ (1 + αΛc
cos2θ), the shape parameter

αΛc
connects the EMFFs via

|GE |2 + 3|GM |2
|GC |2

= τ · 1 + αΛc

1− αΛc

. (5)

To determine αΛc
, the cos θ distributions of the

Λ̄c(2625)
− and Λc(2625)

+ polar angles are sliced into six
and eight bins at

√
s = 4918.0 and 4950.9 MeV, respec-

tively. The yields in each cos θ bin is determined with
the same fit strategy to the M rec

Λ+
c

spectrum as in the

Born cross section measurement. A bin-by-bin detection
efficiency matrix, which takes into account the migration
effect among different cos θ bins, is used to correct the
signal yields to the ones corresponding to generation
level. After that, αΛc

is extracted by fitting the obtained
polar angle distributions with the f(cos θ) function, and
the resultant fit curves are presented in Fig. 3(b). Table I
lists the obtained αΛc

and EMFF ratios.
The systematic uncertainties in the Born cross section

measurements mainly arise from the tracking and PID
efficiencies, fISR, fVP, L, B, the signal MC modeling,
and background descriptions. The uncertainties from
the tracking and PID efficiencies of the charged particles
are investigated using the control samples of J/ψ →
pp̄π+π− [46] and J/ψ → K0

SK
±π∓ [47], and 2.4%

is assigned for both c.m. energies. The uncertainty
in fISR is investigated using the approach described
in Ref. [23], which contains four aspects: different
calculation algorithms [48]; alternative input Born cross
sections line shapes for the kkmc generator; the uncer-
tainties in c.m. energy [27] and energy spread [49]. The
total uncertainties in fISR at

√
s = 4918.0 (4950.9) MeV

are 2.2% (3.5%) for e+e− → Λ+
c Λ̄c(2595)

− + c.c. and
7.8% (1.3%) for e+e− → Λ+

c Λ̄c(2625)
−+c.c.. The uncer-

tainty of fVP is 0.5% at both c.m. energies [39, 40]. The
uncertainty from the integrated luminosity is 0.5% at
both c.m. energies, by studying the large-angle Bhabha
scattering events [27]. The uncertainty of B quoted from
the PDG is 4.7% [3]. Since the decay Λ+

c → pK−π+

is well understood, the effect due to its MC modeling
on the signal efficiency is negligible. To estimate the
uncertainty due to the signal MC modeling, the alter-
native signal MC samples are generated, in which the
decay branching fractions of Λc(2595)

+ and Λc(2625)
+,

and the input αΛc
values are varied separately according

to their total uncertainties. In this procedure, the uncer-
tainties in the decay branching fractions of Λc(2595)

+

and Λc(2625)
+ are quoted from PDG, and the ratio

between branching fraction of decay modes Λ+
c π

+π− and
Λ+
c π

0π0 is varied between 1.5:1 and 5:1. The uncertainty
in αΛc

for e+e− → Λ+
c Λ̄c(2625)

− + c.c. is measured by
this analysis, while for e+e− → Λ+

c Λ̄c(2595)
− + c.c.,

αΛc
= 0 is used to produce the alternative signal MC

sample. After comparing the Born cross sections given
by the alternative and nominal signal MC samples, the
associated uncertainties at

√
s = 4918.0 (4950.9) MeV

are 1.6% (5.2%) for e+e− → Λ+
c Λ̄c(2595)

− + c.c. and
0.4% (0.6%) for e+e− → Λ+

c Λ̄c(2625)
− + c.c.. The

uncertainties in the background descriptions are studied
by varying the background components and shapes,
where the components e+e− → ΣcΣ̄c are removed and
shape parameters of argus functions are obtained by
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fitting the inclusive MC samples, which are 0.9% (0.1%)
for e+e− → Λ+

c Λ̄c(2595)
− + c.c. and 0.7% (0.8%) for

e+e− → Λ+
c Λ̄c(2625)

− + c.c. at
√
s = 4918.0 (4950.9)

MeV. The total uncertainties in the Born cross sections
measurements at

√
s = 4918.0 (4950.9)MeV are obtained

by summing the individual contributions in quadrature,
which are 6.0% (8.2%) for e+e− → Λ+

c Λ̄c(2595)
− + c.c.

and 9.4% (5.5%) for e+e− → Λ+
c Λ̄c(2625)

− + c.c. .

The systematic uncertainties in the measurement
of αΛc

arise from the binning effect, the efficiency
correction, the signal MC modeling, and the background
descriptions. The systematic uncertainties arising from
the binning effect are evaluated by analyzing the signal
MC samples under the five-bin and ten-bin schemes.
The maximum differences of the resultant αΛc

from the
ones obtained with the nominal binning schemes, which
are 2.5% and 0.7% at

√
s = 4918.0 and 4950.9 MeV,

respectively, are assigned as individual systematic uncer-
tainties. The uncertainty associated with the tracking
and PID efficiencies are studied with the control samples
mentioned above. The corrected efficiency matrices are
used to re-evaluate αΛc

and the resultant differences are
taken as the systematic uncertainties, which are 0.1%
and 0.7% at

√
s = 4918.0 and 4950.9 MeV, respectively.

A similar approach, as used in addressing the systematic
uncertainties of Born cross sections, is applied to estimate
the systematic uncertainties of αΛc

due to the signal
MC modeling (the background descriptions), which are
0.4% (0.1%) and 0.6% (0.6%) at

√
s = 4918.0 and

4950.9 MeV, respectively. The total uncertainties of αΛc

are obtained by summing the individual contributions in
quadrature, which are 2.6% and 1.3% at

√
s = 4918.0 and

4950.9 MeV, respectively. Accordingly, the uncertainties
of the form-factor ratios, i.e.,

√

|GE |2 + 3|GM |2/|GC |,
are determined via the uncertainty propagation implied
in Eq. (5).

In summary, the Born cross sections of the e+e− →
Λ+
c Λ̄c(2595)

− + c.c. and e+e− → Λ+
c Λ̄c(2625)

− + c.c.
processes are measured for the first time at

√
s = 4918.0

and 4950.9 MeV, by using e+e− collision data collected
with the BESIII detector. Non-zero cross sections very
close to the production threshold are observed. The
measured Born cross sections of e+e− → Λ+

c Λ̄c(2625)
−+

c.c. above its production threshold are about 2 ∼ 3
times greater than those of e+e− → Λ+

c Λ̄c(2595)
−+c.c.,

providing the similar behavior as semileptonic decays of
Λ0
b [9], but different behavior from that in the hadronic

decays of Λ0
b . The improved measurements on both of

the decays in Λ0
b to Λc(2595)

+ and Λc(2625)
+ and the

productions via the electron-positron annihilation are
expected in future, which could help us further under-
stand the dynamics in the formation of the excited
baryons Λc(2595)

+ and Λc(2625)
+ from which it is

possible to gain hints on the nature for these states.
In addition, the angular distribution of the outgoing
Λ̄c(2625)

− and Λc(2625)
+ in the c.m. system is deter-

mined with the f(cos θ) ∝ (1 + αΛc
cos2θ) parameteri-

zation. The sign of αΛc
flips between these two energy

points near the production threshold of Λ+
c Λ̄c(2625)

− +
c.c.. The form-factor ratio

√

|GE |2 + 3|GM |2/|GC | is
derived based on the αΛc

values for the first time.
This work opens a new window to explore the internal
structure of the excited charmed baryons. In the future,
their internal structure is expected to be comprehensively
understood via a fine scan of this energy region at e+e−

collider with higher luminosity [29].
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