
Production of the doubly charged Δ baryon in e
+
e
− annihilation

at energies from 2.3094 to 2.6464 GeV

M. Ablikim et al.
*

(BESIII Collaboration)

(Received 23 May 2023; accepted 15 September 2023; published 11 October 2023)

The processes eþe− → Δ
þþ

Δ̄
−− and eþe− → Δ

þþp̄π− þ c:c: are studied for the first time with

179 pb−1 of eþe− annihilation data collected with the BESIII detector at center-of-mass energies from

2.3094 to 2.6464 GeV. No significant signal for the eþe− → Δ
þþ

Δ̄
−− process is observed and the upper

limit of the Born cross section is estimated at each energy point. For the process eþe− → Δ
þþp̄π− þ c:c:,

a significant signal is observed at center-of-mass energies near 2.6454 GeV and the corresponding Born

cross section is reported.
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I. INTRODUCTION

Baryons, specifically the proton and neutron, are the

basic building blocks of matter. These half-integer spin

fermions are comprised of three valence quarks bound

together by the strong interaction. The most common

baryons are the ones from the spin 1=2 SU(3) octet, whose

properties have been extensively studied in electron-

positron collision experiments [1]. The cross section line

shape of many baryon pair production processes seem to

display the common feature of a plateau starting from

threshold, including pp̄ [2], nn̄ [3], ΛΛ̄ [4], ΣΣ̄ [5], ΞΞ̄ [6],

and Λ
þ
c Λ̄

−

c [7].

However, the baryon decuplet, which is comprised of the

spin 3=2 SU(3) baryons, is not fully investigated in

electron-positron collisions. Compared to the baryon octet,

the decuplet is a simpler system as the wave functions of the

decuplet baryons are symmetric under flavor exchange.

The lightest member of the decuplet is the Δ baryon with a

mass of 1232 MeV=c2, which is heavier than the nucleon

by about 300 MeV=c2. Experimental information on Δ

baryons comes mostly from experiments in the spacelike

region [8], but rarely from the timelike region. The eþe−

annihilation process can provide information on timelike

form factors of the Δ, similar to the practice for octet

baryons [1].

In a naive perturbative description of the eþe− annihi-

lation into baryons, the virtual timelike photon is first

coupled to a primary qq̄ pair, which then hadronizes by

popping two additional quark-antiquark pairs from the

vacuum. The total perturbative cross section σ at a given

c.m. energy
ffiffiffi

s
p

is obtained by superposing the amplitudes

with different flavors q in the primary qq̄ pair and squaring

the result, σðeþe− → NN̄Þ ∝ j
P

Qqa
N
q ðsÞj2, where aNq

represents the amplitude of producing the baryon N with

a given primary flavor q and Qq denotes the charge of

flavor q. These amplitudes are determined by the baryon

wave functions [9]. SinceΔ baryons have totally symmetric

wave functions, the corresponding amplitudes are equal,

aΔu ¼ aΔd ≡ aΔ. For all four members of the Δ multiplet,

Δ
þþ;Δþ;Δ0;Δ−, their relative yields predicted by pertur-

bative theory are Δ
þþ

∶Δ
þ
∶Δ

0
∶Δ

− ¼ 4∶1∶0∶1 [9,10].

However, the relative yield within the multiplet can also

be obtained by the relevant Clebsch-Gordan coefficients

[11] and corrected by the corresponding reduced matrix

elements for isospin 1 and 0. For Δ baryons, one expects

the relative yields σðΔþþÞ ¼ σðΔ−Þ and σðΔþÞ ¼ σðΔ0Þ
from the Clebsch-Gordan decomposition even without the

precise values of the reduced matrix elements [9]. This

contradicts the perturbative prediction.

A more detailed discussion of baryon pair production is

carried out by Körner and Kuroda in Ref. [12], including

the baryon decuplet. Since the Δ states are spin 3=2
baryons, four form factors are required to fully describe

their structure. In the framework of the generalized vector-

dominance model, the form factors can be predicted

by assuming they arise from the coupling of many vector

mesons in the form of a product of poles. Within the gen-

eralized vector-dominance model, the eþe− → Δ
þþ

Δ̄
−−

process has the largest cross section in the baryon dec-

uplet due to the relatively light mass and double charge of

the Δ
þþ baryon, which can reach tens of pb near the

threshold.
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The energy threshold of Δþþ pair production is acces-

sible at BESIII and datasets at different energies have been

collected to study baryon pair production. The predicted

cross section for eþe− → Δ
þþ

Δ̄
−− may be accessible at

BESIII, providing a first step toward extraction of the

production ratios within the Δ multiplet in order to test

theoretical predictions. In this paper, we present a search

for the process eþe− → Δ
þþ

Δ̄
−− with the subsequent

decay Δ
þþ

→ pπþ based on data samples collected with

the BESIII detector at 6 c.m. energies from 2.3094 to

2.6464 GeV, corresponding to a total integrated luminosity

of 179 pb−1 [13,14], as listed in Table I. Simultaneously,

the single Δ processes, eþe− → Δ
þþp̄π− and its charge

conjugate (c.c.), are also studied.

II. DETECTOR AND DATA SAMPLES

The BESIII detector [15] records symmetric eþe−

collisions provided by the BEPCII storage ring [16], which

operates in the c.m. energy range from 2.0 to 4.95 GeV,

with a peak luminosity of 1 × 1033 cm−2 s−1 achieved at
ffiffiffi

s
p ¼ 3.77 GeV. BESIII has collected large data samples

in this energy region [17]. 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, which are all

enclosed in a superconducting solenoidal magnet providing

a 1.0 T magnetic field [18]. The solenoid is supported by an

octagonal flux-return yoke with resistive plate counter

muon identification modules interleaved with steel. The

charged-particle momentum resolution at 1 GeV=c is

0.5%, and the specific ionization energy (dE=dx) resolution
is 6% for electrons from Bhabha scattering. The electro-

magnetic calorimeter measures photon energies with a

resolution of 2.5% (5%) at 1 GeV in the barrel (end

cap) region. The time resolution in the TOF barrel region is

68 ps, while that in the end cap region is 110 ps.

The GEANT4-based [19] simulation software package

BOOST [20], which includes the geometric and material

description of the BESIII detector and the detector

response, is used to produce Monte Carlo (MC) simulated

data samples. The initial particles are provided by process-

dependent generators, then treated with BOOST. Exclusive

MC samples are generated using the ConExc generator [21]

with initial state radiation and vacuum polarization taken

into account to determine the detection efficiencies and to

provide shapes of the involved processes. Inclusive hadron

production of the type eþe− → hadrons is simulated by a

hybrid generator [22] to estimate possible background

processes and to optimize event selection criteria. The

beam energy spread of BEPCII is less than 1 MeV at
ffiffiffi

s
p

< 3 GeV, which is much smaller than the experimental

resolution of the BESIII detector and can be ignored in the

simulation.

III. EVENT SELECTION

For the eþe− → Δ
þþ

Δ̄
−− process (with the subsequent

decay Δ
þþ

→ pπþ þ c:c:), the final state pp̄πþπ− is

reconstructed for the study of Δ production. Candidate

events are required to have exactly four reconstructed

charged tracks detected in the acceptance of the MDC

within a polar angle (θ) range of j cos θj < 0.93, where θ is

defined with respect to the z axis, which is the symmetry

axis of the MDC. For these tracks, the distance of closest

approach to the interaction point must be less than 10 cm

along the z axis, and less than 1 cm in the transverse plane.

Particle identification (PID) combines measurements of

the dE=dx in the MDC and the flight time in the TOF to

calculate a likelihood LðhÞ (h ¼ p, K, π) for each

hypothesis of a hadron h. Tracks are identified as pro-

tons when the proton hypothesis has the greatest like-

lihood [LðpÞ > LðKÞ and LðpÞ > LðπÞ]. Charged pions

are identified by comparing the pion and kaon hypoth-

esis likelihoods of the remaining tracks, requiring

LðπÞ > LðKÞ. Exactly two oppositely charged pions and

one proton-antiproton pair are required in each event. To

improve the momentum and energy resolution and to

suppress background events, a four-constraint (4C) kin-

ematic fit imposing four-momentum conservation is per-

formed under the hypothesis eþe− → pp̄πþπ−. The χ2 of

the kinematic fit is required to be less than 50. The semi-Δ

process, i.e. eþe− → Δ
þþp̄π− and its charge conjugate,

can be studied simultaneously since it has the same final

state particles and similar kinematics.

The characteristic signal is expected to appear in the

invariant mass spectrum of the pπ combination, which is

denoted as mðpπÞ. The two-dimensional (2D) distributions

of mðpπþÞ vs mðp̄π−Þ and mðpπ−Þ vs mðp̄πþÞ of the

events selected from data at
ffiffiffi

s
p ¼ 2.6444 GeV are shown

in Fig. 1 as an example. An enhancement around the

nominal Δ baryon mass is visible in the doubly charged

combination of pπ (left plot) while the Λ signal is visible in

the neutral combination (right plot). Potential background

reactions to the eþe− → Δ
þþ

Δ̄
−− process are studied using

inclusive eþe− → hadrons MC samples. Simulated events

are subject to the same selection procedure as that applied

TABLE I. Dataset and expected cross section. The symbol
ffiffiffi

s
p

is the c.m. energy. L is the integrated luminosity. σtheory is the

cross section of the eþe− → Δ
þþ

Δ̄
−− process predicted in

Ref. [12].

ffiffiffi

s
p

(GeV) L (pb−1) σtheory (pb)

2.3094 21.1 0.0

2.3864 22.5 0.0

2.3960 66.9 0.0

2.5000 1.10 19.7

2.6444 33.6 5.7

2.6464 34.1 5.6
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to the experimental data. According to MC simulations, the

dominant background stems from eþe−→Δ
þþp̄π−þc:c:,

ΛΛ̄, and pp̄πþπ− processes, which have the same final

state particles as the signal reaction. Other background

channels like eþe− → ρ0pp̄, Δ0p̄πþ þ c:c:, and Δ
0
Δ̄

0 are

also possible but rare, according to the inclusive hybrid MC

sample described earlier.

IV. SIGNAL YIELD AND CROSS SECTION

Since the data samples in both 2D distributions are

identical, there is a correlation between them, which can

potentially impact the statistical uncertainty in signal

extraction. The extent of this influence is contingent upon

the correlation of the shapes exhibited by different variable

distributions. In the case of the pp̄πþπ− final state, the

variation in spectrum shapes among the different compo-

nents is not significant in spectra other than the invariant

mass spectrum that contains the resonant peak due to the

final state being a 4-body system with numerous degrees of

freedom. Consequently, the presence of the correlation

does not significantly affect the statistical uncertainty.

Nonetheless, the correlation can help to constrain the yields

of the components in a 2D simultaneous fit. To determine

the signal yield of the eþe− → Δ
þþ

Δ̄
−− process, a simul-

taneous unbinned maximum likelihood fit is performed to

the 2D distributions of mðp̄π−Þ vs mðpπþÞ and mðp̄πþÞ vs
mðpπ−Þ. This procedure is repeated at each energy point. In
the fit, the yields of corresponding components in both 2D

spectra are obtained with shared parameters. The signal is

modeled with the MC-derived shape ofmðp̄π−Þ vsmðpπþÞ
and mðp̄πþÞ vs mðpπ−Þ for the eþe− → Δ

þþ
Δ̄

−− process.

The background is described by the MC-simulated shape

of four dominant components, which are phase space

(PHSP) (eþe− → pp̄πþπ−), semi-Δ (eþe− → Δ
þþp̄π−

and pπþΔ̄−−, also with the phase space model), and

eþe− → ΛΛ̄, while other rarer components are neglected

since their distributions are similar to those of the phase

space. In the analysis, the interference among different

components is neglected, considering the spin of the

combination of a proton and a pion (pπ) tends to be

1=2 when produced at low energy, whereas it is 3=2 in the

case of Δ decay. As a result, different components tend to

be incoherently produced. Figure 2 shows the projections

of mðpπþÞ, mðp̄π−Þ, mðpπ−Þ, and mðp̄πþÞ for the simul-

taneous fit to data taken at 2.6444 GeV; these indicate that

the data is well described by these five components. In

extraction of the Δþþ
Δ̄

−− signal, the yields of the semi-Δ

processes, i.e. eþe− → Δ
þþp̄π− þ c:c:, is obtained simul-

taneously. Although the events are duplicately used in the

two 2D distributions, the statistical uncertainties of the

yields of Δþþ involved processes in the simultaneous fit

remain unaffected. This is because the target signal,Δþþ, is
a broad resonance resulting in a negligible discrepancy

between the signal and the PHSP in the invariant mass

spectra other than the characteristic one, as illustrated in

Fig. 2. The yields are listed in Tables II and III. Due to the

closeness of the energies, the data samples at 2.6444 and

2.6464 GeV are combined.

The statistical significance of the signal is determined by

comparing the change of the negative log-likelihood value

in the fit without the signal contribution and considering the

change of the number of degrees of freedom. The statistical

significances are listed in Tables II and III. The Δ
þþ

Δ̄
−−

signal is not significant for any of the c.m. energies.

A significant semi-Δ component is observed only above

2.6 GeV.
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FIG. 1. Two-dimensional distributions of mðp̄π−Þ vs mðpπþÞ
(left) and mðp̄πþÞ vs mðpπ−Þ (right) for the candidate events

selected from data taken at
ffiffiffi

s
p ¼ 2.6444 GeV.

1.1 1.2 1.3 1.4 1.5

)2c) (GeV/+�m(p

0

20

40

60)
2
c

E
v
e
n
ts

 /
 (

0
.0

1
 G

e
V

/

Data

Fit
--

�
++

�

PHSP
��

-
�p

++
�

--

�+�p

1.1 1.2 1.3 1.4 1.5

)2c) (GeV/-
�pm(

0

20

40

)
2
c

E
v
e
n
ts

 /
 (

0
.0

1
 G

e
V

/

1.1 1.2 1.3 1.4 1.5

)2c) (GeV/-
�m(p

0

20

40

60

80

)
2
c

E
v
e
n
ts

 /
 (

0
.0

1
 G

e
V

/

Data

Fit
--

�
++

�

PHSP
��

-
�p

++
�

--

�+�p

1.1 1.2 1.3 1.4 1.5

)2c) (GeV/+�pm(

0

20

40

60

80)
2
c

E
v
e
n
ts

 /
 (

0
.0

1
 G

e
V

/
/n.d.f=0.72� /n.d.f=0.71�

/n.d.f=0.54�/n.d.f=0.66�

FIG. 2. Projections of the simultaneous fit to the 2D distribu-

tions of mðp̄π−Þ vs mðpπþÞ and mðp̄πþÞ vs mðpπ−Þ of the

candidate events selected from data taken at
ffiffiffi

s
p ¼ 2.6444 GeV.

The black dots with error bars are data. The blue solid curve is the

total fit result. The dashed and dotted curves show the compo-

nents as indicated in the legends, and χ2=ndf is the ratio of the χ2

value to the number of degrees of freedom in the fit.
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The upper limit on the signal yield of the eþe− →

Δ
þþ

Δ̄
−− process is determined with a Bayesian approach

[23] via a likelihood scan. The systematic uncertainty is

considered by choosing the most conservative result among

the fit variations used to evaluate the additive uncertainties

and smearing the obtained likelihood curve with a Gaussian

function with the width of the multiplicative systematic

uncertainty [24]. The upper limit on the signal yield at the

90% confidence level (CL), Nup, is determined by integrat-

ing the smeared likelihood function LðNÞ, as illustrated

shown in Fig. 3. The upper limit, Nup, corresponds to 90%

of the full integral, i.e.
RNup

0
LðxÞdx=

R

∞

0
LðxÞdx ¼ 0.90.

The same method is applied to the eþe− → Δ
þþp̄π− þ c:c:

process at the energy points with a statistical significance

less than 2σ.

The Born cross section is calculated as

σB ¼ N

L · ϵ · ð1þ δÞ · Br ; ð1Þ

where N is the number of signal events in data, L is the

integrated luminosity, ϵ is the detection efficiency, (1þ δ)

is the radiative correction factor due to initial state radiation

and vacuum polarization, and Br is the branching fraction

of the decay Δ
þþ

→ pπþ (100%) [11]. Both ϵ and 1þ δ

are obtained from MC simulation of the signal reaction at

each c.m. energy. The input Born cross section line shape

for the eþe− → Δ
þþ

Δ̄
−− process is a flat distribution that

TABLE II. Born cross sections of eþe− → Δ
þþ

Δ̄
−− at various c.m. energy points. All symbols are defined the

same as those in Eq. (1). The Nup and σBup are set at the 90% CL for the c.m. energy points with statistical

significance less than 2σ. The branching fraction ofΔþþ
Δ̄

−− decaying to the final state pp̄πþπ− is 100.0%. The first

uncertainty is statistical and the second one is systematic. The line with an asterisk is a combined result of two

nearby energy points
ffiffiffi

s
p ¼ 2.6444 and 2.6464 GeV.

ffiffiffi

s
p

(GeV) N (Nup) ϵ (1þ δ) σB (σBup) (pb) Significance (σ)

2.3094 0.0þ0.3
−0.0 (1.4) 0.009 0.869 0.0þ1.9

−0.0 � 0.0 (8.7) 0.01

2.3864 4.3þ7.9
−4.3 (16.3) 0.059 0.864 3.7þ6.8

−3.7 � 0.3 (14.1) 0.56

2.3960 17.0þ12.8
−14.1 (35.0) 0.068 0.865 4.3þ3.3

−3.6 � 0.4 (8.9) 1.19

2.5000 0.0þ2.3
−0.0 (4.7) 0.172 0.919 0.0þ13.2

−0.0 � 0.0 (27.1) 0.00

2.6444 12.3þ53.3
−12.3 (95.4) 0.280 0.962 1.4þ5.9

−1.4 � 0.1 (10.5) 0.24

2.6464 0.0þ11.4
−0.0 (46.4) 0.282 0.962 0.0þ1.2

−0.0 � 0.0 (5.0) 0.00
�2.6454 0.0þ26.5

−0.0 (87.3) 0.281 0.962 0.0þ1.4
−0.0 � 0.0 (4.8) 0.00

TABLE III. Born cross sections of eþe− → Δ
þþp̄π− þ c:c: at various c.m. energy points. All symbols are the

same as Table II.

ffiffiffi

s
p

(GeV) N (Nup) ϵ (1þ δ) σB (σBup) (pb) Significance (σ)

2.3094 0.0þ0.4
−0.0 (1.8) 0.004 0.873 0.0þ6.2

−0.0 � 0.0 (28.1) 0.00

2.3864 5.2þ6.9
−5.2 (17.0) 0.046 0.928 5.4þ7.2

−5.4 � 0.5 (17.6) 0.88

2.3960 0.0þ14.1
−0.0 (30.7) 0.056 0.932 0.0þ4.0

−0.0 � 0.0 (8.8) 0.01

2.5000 0.0þ5.0
−0.0 (6.5) 0.156 0.961 0.0þ30.3

−0.0 � 0.0 (39.4) 0.00

2.6444 424.8þ77.6
−109.2

0.247 0.982 52.1þ9.5
−13.4 � 4.2 3.87

2.6464 536.0þ57.7
−58.9

0.252 0.982 63.6þ6.8
−7.0 � 8.0 6.26

�2.6454 965.1þ81.9
−82.5

0.249 0.982 58.2þ4.9
−5.0 � 5.9 7.09
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FIG. 3. Likelihood distributions vs the signal yields of the

eþe− → Δ
þþ

Δ̄
−− process for data taken at

ffiffiffi

s
p ¼ 2.6444 GeV.

The red dotted arrow indicates the upper limit at the 90% CL by

only considering the statistical uncertainty, while the blue dashed

arrow has incorporated the systematic uncertainty.

M. ABLIKIM et al. PHYS. REV. D 108, 072010 (2023)

072010-4



remains constant above the threshold, which is determined

by the sum of the masses of internal particles and is equal to

2.464 GeV. Below the threshold, the line shape follows a

Breit-Wigner distribution centered at the threshold with a

width of 0.165 GeV, representing the width of the Δ baryon

pair. The line shape for the eþe− → Δ
þþp̄π− þ c:c: proc-

ess is similar but with the threshold at 2.310 GeV and the

width of the Breit-Wigner distribution at 0.117 GeV. The

results of Born cross sections and upper limits for eþe− →

Δ
þþ

Δ̄
−− and eþe− → Δ

þþp̄π− þ c:c: are reported in

Tables II and III, respectively, and are also shown in Fig. 4.

V. SYSTEMATIC UNCERTAINTY

Various sources of systematic uncertainties concerning

the measurement of the Born cross sections are investi-

gated, including event selection criteria, integrated lumi-

nosity, radiative correction factor, branching fraction, fit

procedure, and the mass and width of the Δ
þþ baryon.

The uncertainty due to differences between data and MC

simulation for the tracking efficiency and PID are inves-

tigated using the high-purity control samples of eþe− →

KþK−πþπ− [13,25] for pions and eþe− → pp̄πþπ− [26]

for protons, which are assigned as 1.0% and 1.0%, per

track, respectively. The uncertainty associated with the χ2

requirement on 4C kinematic fit is also studied by compar-

ing the difference between data and MC simulation. A

Gaussian function is convolved with the MC-simulated χ2

shape to better match the data for the χ2 distribution. The

change of efficiency with the Gaussian-smeared MC shape

is taken as the uncertainty, and ranges from 0.5% to 2.3%.

The integrated luminosity of data at each energy point is

measured using large-angle Bhabha events with an uncer-

tainty of 0.8% following the method in Ref. [14].

The uncertainty of the radiative correction factor is

obtained by altering the Born cross section line shape in

the MC simulation. In the Δþþ
Δ̄

−− case, the nominal line

shape is flat above the threshold with a Breit-Wigner tail

below, considering the broad width of the Δ baryon.

Although Ref. [12] predicted a line shape for the baryon

pair production, the shape does not consider the width of

the Δ baryon and becomes 0 below threshold. To estimate

the uncertainty, the shape is replaced by a more general

power-law shape for a baryon pair production [27], which

is motivated by perturbative quantum chromodynamics and

represents the power-law asymptotic behaviour of baryons,

convolved with the Breit-Wigner resonance shape of the Δ

baryon. In the semi-Δ case, a three-body PHSP distribution

is chosen as an alternative line shape to replace the nominal

flat distribution. The three-body PHSP distribution is an

integral of two cascaded quasi-two-body PHSP distribu-

tions, i.e. σ ∝

R

PSð ffiffiffi

s
p

; mpπ; mΔÞ · PSðmpπ; mp; mπÞdm2
pπ

with PSðma; mb; mcÞ to be the two-body PHSP factor of

the a → bþ c process [28]. The difference of the product

of the efficiency and radiative correction factor after

changing the line shapes is taken as the uncertainty, which

is around 1% at most energy points.

The uncertainty associated with the branching fraction of

Δ
þþ

→ pπþ is negligible since this is the only alloweddecay

mode. The uncertainty from the unknown polar angle, θΔ,

distribution of the Δ baryon is estimated by dividing the

difference of efficiencies between the two extreme angular

distributions, (1þ cos2θΔ) and (1 − cos2θΔ), by
ffiffiffiffiffi

12
p

assuming a uniform probability distribution [29], giving

uncertainties in the range of 3.8–10.7%.

Uncertainties due to the choice of the signal and back-

ground shapes are estimated by smearing the shapes with a

Gaussian function determined from the difference of the Λ

peak in data and MC simulation. The difference on the

yields of the eþe− → Δ
þþp̄π− þ c:c: process in the signal

extraction is taken as the uncertainty, and is less than 1%

above 2.6 GeV. Since there is almost no signal below

2.6 GeV, the relative systematic uncertainty is not esti-

mated. The uncertainty of the eþe− → Δ
þþ

Δ̄
−− process is

quoted from that of the eþe− → Δ
þþp̄π− þ c:c: process.

Since theΔ is a wide resonance, the uncertainty due to its

mass and width is estimated by using the values in Ref. [30]

in simulation. Specifically, the mass and width are changed

from 1.2310 GeV=c2 and 0.1150 GeV, respectively, to

1.2308 GeV=c2 and 0.1109 GeV. Then the uncertainty is

estimated with the same method for the shapes, and is in the

range of 1.5–4.7% above 2.6 GeV and ignored at lower

energies. The influence of intermediate states is checked for

small contributions shown in inclusive hadronic MC

samples and several possible resonances. Among the small

contributions, the ρ0pp̄ component has relatively large
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FIG. 4. Born cross sections of eþe− → Δ
þþ

Δ̄
−− and

Δ
þþp̄π− þ c:c: The green dots with solid lines represent the

Born cross sections with uncertainties. The red short-dashed and

green long-dashed lines show the upper limits. The red solid

curve shows theoretical prediction for the eþe− → Δ
þþ

Δ̄
−−

process in Ref. [12]. To avoid the overlap between different

processes, the c.m. energies of the eþe− → Δ
þþp̄π− þ c:c:

process are shifted left by 5 MeV. Pentagrams show combined

results of two nearby energy points 2.6444 and 2.6464 GeV, and

the results at the two energy points are shifted to left and right by

5 MeV, respectively.
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influence on the signal yield in the 2D fit. The uncertainty

from this intermediate process is estimated with the same

method for the shapes by comparing the yield of the

eþe− → Δ
þþp̄π− þ c:c: process, which will contribute an

uncertainty about 5%. Several possible excited baryons

have also been verified and the most likely contribution is

found to come from the Nð1710Þþp̄þ c:c: process with

Nð1710Þþ → Δ
þþπ−. Since the Nð1710Þþp̄þ c:c: chan-

nel is part of the Δþþp̄π− þ c:c: process, the uncertainty is

only estimated for the Δ
þþp̄π− þ c:c: process above

2.6 GeV and the contribution is at most 5.0%. The

intermediate states are correlated and result in reduction

of the signal yield. A conservative uncertainty is estimated

by choosing the largest one among those contributions. All

of the systematic uncertainties of the cross section meas-

urement are summarized in Table IV.

VI. CONCLUSION

In this paper, the eþe− → Δ
þþ

Δ̄
−− process is searched for

with data taken at c.m. energies from 2.3094 to 2.6464 GeV.

There is no significant eþe− → Δ
þþ

Δ̄
−− signal at any

energy, while clear signals for the eþe− → Δ
þþp̄π− þ

c:c: process are observed above 2.6 GeV. Upper limits on

the Born cross sections of the eþe− → Δ
þþ

Δ̄
−− process at

the 90% CL are extracted; they are comparable to but lower

than the predictions in Ref. [12]. With only upper limits, the

predicted production ratios among Δ multiplet members in

Ref. [9] cannot be addressed. Higher statistics are required

for further studies of Δ pair production.
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ffiffiffi

s
p

(GeV) Trk PID 4C L (1þ δ) α Shape MW R Total
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2.5000 4.0 4.0 2.3 0.8 0.8=0.6 3.8 � � � � � � � � � = � � � 7.3=7.3
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