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The electromagnetic process e+e− → pp̄ is studied with the initial-state-radiation technique using 7.5 
fb−1 of data collected by the BESIII experiment at seven energy points from 3.773 to 4.600 GeV. The Born 
cross section and the effective form factor of the proton are measured from the production threshold to 
3.0 GeV/c2 using the pp̄ invariant-mass spectrum. The ratio of electric and magnetic form factors of the 
proton is determined from the analysis of the proton-helicity angular distribution.

© 2021 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The investigation of nucleon structure through electromagnetic 
probes plays a central role in the understanding of strong interac-
tions. Space-like (SL) photons (momentum transfer squared q2 < 0) 
in elastic electron-nucleon scattering experiments allow an accu-
rate description of the three-dimensional structure of the nucleon 
through the study of the electromagnetic form factors (FFs). The 
electric FF GE and the magnetic FF GM are assumed to be analytic 
functions of q2 [1], and thus are also defined for the time-like (TL) 
kinematic domain q2 > 0. Furthermore, it is possible to relate SL 
and TL FFs through dispersion relations [2]. In the TL region, nu-
cleon FFs can be associated with the time evolution of the charge 
and magnetic distributions inside the nucleon [3].

Compared to the SL sector, where a percent level precision has 
been achieved [4], the knowledge of the TL proton FF is rather lim-
ited. Proton FFs in the TL region have been studied by various ex-
periments in the direct annihilation processes e+e− → pp̄ [5–17]
and pp̄ → e+e− [18–21], and in the initial-state-radiation (ISR) 
process e+e− → pp̄γ [22–25]. Due to low statistics, many previous 
experiments have only determined the absolute value of the effec-
tive FF of the proton from the cross-section measurement. More 
recent measurements [14,15,19,22,23] have been able to determine 
the ratio of the proton FF absolute values (Rem = |GE|/|GM|) in 
the pp̄ invariant mass (Mpp̄ ) region below 3.08 GeV/c2. The best 
determination of Rem, with a precision of around 10%, has been 
achieved by BESIII [17].

The ISR technique with an undetected photon has been used in 
our previous study [25] of the process e+e− → pp̄γ to measure 
the TL proton FFs. In that analysis, events were selected where the 
ISR photon was emitted at small polar angles (SA-ISR), and hence 
the threshold region below 2 GeV/c was not accessible due to the 
limited angular acceptance of the BESIII tracking system. In this 
Letter we extend our previous study to the case where the ISR 
photon is emitted at large polar angles (LA-ISR) and is detected. 
This allows access to the threshold region and provides measure-
ments of the proton helicity angle θp in the full Mpp̄ range, in 
contrast to the analysis of the SA-ISR events. By analyzing the dis-
tribution of θp , defined in the process e+e− → pp̄γ as the angle 
between the proton momentum in the pp̄ rest frame and the mo-
mentum of the pp̄ system in the e+e− c.m. frame, it is possible to 
determine the ratio of the proton FFs. 

In the e+e− center-of-mass (c.m.) frame, the differential cross 
section for the process e+e− → pp̄ under the assumption of one 
virtual photon exchange (Fig. 1) is [26]:

dσpp̄(q2)

d cosϑ
= πα2βC

2q2
[|GM(q2)|2(1 + cos2 ϑ)

+|GE(q2)|2
sin2 ϑ],

(1)
τ

4

Fig. 1. Feynman diagram for the process e+e− → pp̄ under the assumption of one 
virtual photon exchange. The bold vertex provides access to the hadronic FFs infor-
mation.

where q2 is equal to the square of the pp̄ invariant mass Mpp̄ , 
α ≈ 1

137 is the fine structure constant, β = √
1 − 1/τ is the ve-

locity of the proton with τ = q2/4m2
p and mp the proton mass, 

and ϑ is the polar angle of the proton in the e+e− c.m. frame 
where the z-axis points along the direction of the positron mo-
mentum. The Coulomb factor C = y

1−e−y with y = πα
β

accounts for 
the electromagnetic interaction between the outgoing proton and 
antiproton [23,27]. The cross section depends on the moduli of the 
magnetic and electric FFs, which can be determined from the anal-
ysis of the proton angular distribution. The precise knowledge of 
the FFs in a wide kinematic region probes the transition region, 
from non-perturbative to perturbative QCD (pQCD).

By integrating the differential cross section (Eq. (1)), the total 
cross section for the process e+e− → pp̄ is obtained,

σpp̄(q2) = 4πα2βC
3q2

[|GM|2 + |GE|2
2τ

]. (2)

An effective FF is introduced as a linear combination of |GM|2 and 
|GE|2,

|Geff| =
√

2τ |GM|2 + |GE|2
2τ + 1

, (3)

which is equivalent to |GM| determined under the assumption of 
|GM| = |GE|. A complementary approach to study the e+e− → pp̄
process is provided by the ISR technique. This technique makes 
use of the emission of at least one high energy photon off the 
beam particles (Fig. 2) which reduces the invariant mass of the pp̄
system in the final state. The differential cross section for the ISR 
process is

dσpp̄γ (q2)

dq2
= 1

s
W (s, x)σpp̄(q2),

W (s, x) = α

πx
(ln

s

m2
e

− 1)(2 − 2x + x2),

x = 2E∗
γ√
s

= 1 − q2

s
,

(4)

where E∗
γ is the energy of the ISR photon in the e+e− c.m. frame, 
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Fig. 2. Lowest order Feynman diagram of the process e+e− → pp̄γ assuming one 
virtual photon exchange, where γ is a real photon emitted from the initial state.

W (s, x) [28] is the radiator function which gives the probability of 
ISR photon emission, and me and 

√
s are the electron mass and the 

c.m. energy of the beams, respectively. In the study of the e+e− →
pp̄γ process, the cross section for the process e+e− → pp̄ and the 
ratio of the proton FFs can be measured over the full Mpp̄ range 
from the pp̄ threshold to 

√
s. 

2. BESIII experiment and data sets

The BESIII experiment collects data at the BEPCII electron-
positron collider, which operates at c.m. energies between 

√
s = 

2.0 and 4.7 GeV. The baryon TL FFs can be measured at BESIII both 
in ISR and in direct annihilation processes [29]. In this letter the 
investigation of the ISR process e+e− → pp̄γ is reported. The data 
sets used in this analysis [30,31] have been collected by BESIII at 
seven c.m. energies between 3.773 and 4.600 GeV with a total in-
tegrated luminosity of 7.5 fb−1 (see Table 1).

The cylindrical BESIII detector [32] covers 93% of the 4π solid 
angle around the interaction point (IP), where the electron and 
positron beams collide at a small angle of 22 mrad. Beginning with 
the innermost component, BESIII consists of the following subde-
tectors: (1) a helium-based Main Drift Chamber (MDC) composed 
of 43 cylindrical layers coaxial with the beam pipe, (2) a Time-of-
Flight system (TOF) consisting of 176 plastic scintillator counters 
in the barrel part, and 96 counters in the endcaps, (3) an Electro-
Magnetic Calorimeter (EMC) consisting of a barrel and two endcaps 
with 6240 CsI(Tl) crystals, and (4) a Muon Counter (MUC) com-
posed of nine Resistive Plate Chamber (RPC) layers in the barrel 
and eight RPC layers in each endcap. The MDC provides a momen-
tum resolution of 0.5% for charged tracks with 1 GeV/c momentum 
and a spatial resolution of 135 μm. The resolution of the energy-
loss measurement (dE/dx) by the MDC is better than 6%. The time 
resolution of the TOF is 80 ps in the barrel and 110 ps in the end-
caps. The EMC provides an energy measurement with a resolution 
of 2.5% in the barrel and 5% in the endcaps for photons/electrons 
with an energy of 1 GeV. The MUC is used to identify muons and 
provides a spatial resolution better than 2 cm. The MUC is housed 
in the return yoke of the solenoidal magnet, which provides 1 T 
magnetic field.

Monte Carlo (MC) signal and background samples, simulated 
using the Geant4-based [33,34] BESIII Object Oriented Simula-

tion Tool (BOOST) software [35], are used to optimize the event 
selection criteria, estimate the background contamination and de-
termine the selection efficiency. The signal process e+e− → pp̄γ
is generated with the event generator PHOKHARA 9.1 [36], which 
includes radiative corrections of ISR up to next-to-leading order, 
final-state-radiation and vacuum polarization. Inclusive MC sam-
ples generated with BesEvtGen event generator [37] are used to 
simulate all the hadronic final states containing u, d and s quarks. 
The dominant background channel, e+e− → pp̄π0, is generated 
exclusively using the phase space Conexc [37] generator.

3. Selection of e+e− → p p̄γ events

Two charged tracks with net charge zero are required in the 
MDC. The point of closest approach to the IP for each of the tracks 
5

Table 1
The integrated luminosity L of the data sets used in the 
e+e− → pp̄γ analysis. The uncertainties are statistical 
and systematic, respectively.

√
s [GeV] L [pb−1]

3.773 2931.8 ± 0.2 ± 13.8 [30]
4.009 481.96 ± 0.01 ± 4.68 [31]
4.230 1053.9 ± 0.1 ± 7.0 [31]
4.260 825.67 ± 0.13 ± 8.01 [31]
4.360 539.84 ± 0.10 ± 5.24 [31]
4.420 1041.3 ± 0.1 ± 6.9 [31]
4.600 585.4 ± 0.1 ± 3.9 [31]

is required to lie within a 1 cm radius in the plane perpendicular 
to the beam and ±10 cm along the beam direction. The polar an-
gle of the track with respect to the direction of the positron beam, 
θ , must be inside in the fiducial volume of the MDC, | cos θ | < 0.93. 
The particle identification (PID) from the relevant sub-detectors is 
combined to calculate probabilities for the pion, kaon, proton, elec-
tron and muon hypotheses for the tracks. The two charged tracks 
must be identified as a proton and an antiproton. In addition, the 
ratio E/p, with the energy E measured in the EMC and the mo-
mentum p measured in the MDC, is required to be smaller than 
0.5 for the proton candidate to suppress the ISR Bhabha back-
ground. Photon candidates are selected using the information on 
the electromagnetic showers in the EMC. It is required that the 
shower time is within 700 ns of the event start time to suppress 
electronic noise and energy deposits unrelated to the event. A pho-
ton candidate is selected if its deposited energy is greater than 25 
MeV (50 MeV) in the barrel (endcap) region. The barrel (endcap) 
region is defined as | cos θ∗

γ | < 0.80 (0.86 < | cos θ∗
γ | < 0.92), where 

θ∗
γ is the photon polar angle. At least one high energy photon is 

required in the EMC with deposited energy higher than 0.4 GeV. 
The highest energy photon is then assumed to be the ISR photon 
candidate.

After the event reconstruction, a four-constraint (4C) kinematic 
fit is performed requiring the four-momentum conservation be-
tween the initial e+e− system and the final pp̄γ system. Events 
are selected as e+e− → pp̄γ candidates if they fulfill the require-
ment χ2

4C < 50. The background from the process e+e− → pp̄π0

can not be completely removed by means of the kinematic fitting, 
and a dedicated background evaluation is performed, as described 
in the next section.

Fig. 3 shows the combined Mpp̄ spectrum for pp̄γ candidates 
selected at the seven energy points. The residual e+e− → pp̄π0

background discussed in Section 4 is also shown (blue histogram 
in Fig. 3). A clear peak from the resonance decay of J/ψ → pp̄ is 
seen in the spectrum. By fitting the J/ψ peak using a Breit-Wigner 
function convolved with a Gaussian, the number of resonance de-
cays J/ψ → pp̄ (N J/ψ ) for each data sample is determined. The 
branching fraction J/ψ → pp̄ can be calculated for each data sam-
ple individually as follows [38]:

e+e− × B( J/ψ → pp̄) = sm J/ψ

12π2

N J/ψ

ε J/ψ W (s, x J/ψ)L
, (5)

where m J/ψ is the mass of the resonance, W (s, x J/ψ ) is the radi-
ator function (x J/ψ = 1 − M2

J/ψ/s), e+e− is the electronic width 
of the J/ψ [39] and L is the integrated luminosity collected at 
the given c.m. energy 

√
s. The detection efficiency ε J/ψ is de-

termined from the signal MC simulations in the Mpp̄ interval 
around the J/ψ resonance. The average value of B( J/ψ → pp̄)

obtained is (2.13 ± 0.09) × 10−3, where the uncertainty is statis-
tical only. This result is in a good agreement with the PDG value, 
(2.12 ± 0.03) × 10−3 [39]. 
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Fig. 3. The Mpp̄ spectrum for the full data sets (black dots with error bars), and the 
remaining e+e− → pp̄π0 background (blue histogram).

4. Background estimation

For the processes e+e− → π+π−γ , K +K −γ , e+e−γ and 
μ+μ−γ no MC events survive the selection cuts described in 
Section 3. The residual background from these sources can be 
neglected, given the number of generated MC event exceeds the 
number of events expected in data.

The main source of background for the process under study is 
e+e− → pp̄π0. To ensure a good description of this background 
in the simulation, the MC distributions of Mpp̄ and cos θp for 
the background process e+e− → pp̄π0 are corrected by selecting 
data samples containing only the high-purity pp̄π0 final state. The 
pp̄π0 event selection uses the same criteria as the signal selection 
for the charged tracks and requires at least two photons in the 
EMC without the minimum energy cut of 0.4 GeV. After imposing 
the selection criteria for the charged tracks and photons, a five-
constraint (5C) kinematic fit is performed for the e+e− → pp̄γ γ

hypothesis with requirements of energy and momentum conserva-
tion and the invariant mass of the two photon candidates being 
constrained to the π0 mass [39]. The value of χ2

5C is required to 
be less than 60. To reject pp̄γ events, a 4C kinematic fit is per-
formed to the proton, antiproton and the highest energy photon. 
The value of χ2

4C is required to be larger than 25. This selection 
provides a clean pp̄π0 event sample with the e+e− → pp̄γ con-
tamination below 0.1% level, as estimated from the MC simulation. 
To calculate the remaining pp̄π0 background contamination in the 
selected pp̄γ signal candidates, a weighting method is applied:

N bkg = N dat
π0 × NMC

isr

NMC
π0

, (6)

where N bkg is the estimated number of remaining pp̄π0 back-
ground events, N dat

π0 and NMC
π0 are the numbers of pp̄π0 events 

selected from data and pp̄π0 MC samples, respectively, and NMC
isr

is the number of events selected as pp̄γ from the pp̄π0 MC sam-
ples.

The background estimate N bkg is calculated in two-dimensional 
intervals of cos θp and Mpp̄ distributions used for the determina-
tion of Rem. For the determination of the Born cross section for 
the process e+e− → pp̄, N bkg is calculated in intervals of Mpp̄ . 
The distribution of N bkg as a function of Mpp̄ , summed over the 
seven c.m. energy points, is shown as the blue histogram in Fig. 3.
6

5. Cross section for the process e+e− → p p̄ and proton effective 
form factor

The Born cross section for the process e+e− → pp̄ is calculated 
in each Mpp̄ interval i and for each data sample j ( j = 1, 2, ..., 7) 
as follows:

σi j = Ni j −N bkg
i j

εi j(1 + δi j)Li j
, (7)

where Ni j is the number of selected e+e− → pp̄γ candidates, 
N bkg

i j is the number of e+e− → pp̄π0 background events, εi j is 
the detection efficiency, (1 + δi j) is the radiative correction factor 
calculated from the MC simulations and Li j is the ISR binned in-
tegrated luminosity. The index j runs over the seven c.m. energies. 
The binned integrated luminosity Li j is calculated as:

Li j =
∫

W (s j, xij)L jdxi j, xij = 1 − q2
i j

s j
, (8)

where W (s j, xij) [Eq. (4)] is a function of the c.m. energy squared 
s j ( j = 1, 2, ..., 7) and the energy fraction xij , and L j is the inte-
grated luminosity collected at the c.m. energy √s j (Table 1). The 
integration in Eq. (8) is performed over the width of the selected 
Mpp̄ interval. The sum over the seven energy points for the binned 
integrated luminosity (Li ), the selected e+e− → pp̄γ candidates 
(Ni ) and the background events (N bkg

i ) in each Mpp̄ interval is 
given in Table 4. The averages over the seven c.m. energy points 
of the selection efficiencies (ε̄i ) and the radiative correction factors 
(1 + δi) calculated as:

ε̄i = � j(εi jLi j)/Li,

(1 + δi) = � j((1 + δi j)Li j)/Li,
(9)

are also listed in Table 4. The Born cross sections σi j are combined 
using the method of simple weighted averages [40]:

σpp̄(Mpp̄) = σi = � j(wijσi j), �σi =
√

1

� j W ij
,

wij = W ij

�l W il
, W ij = 1

(�σi j)
2
,

(10)

where �σ is the statistical uncertainty of the cross section σ . The 
indices j and l run over the seven c.m. energies. The systematic 
on the measurements of σi j at the different c.m.energies are fully 
correlated and therefore need not be considered when determin-
ing the combination. The effective FF of the proton is calculated 
according to Eqs. (2) and (3).

The experimental resolution on Mpp̄ is typically eight times 
smaller than the width of Mpp̄ intervals and the event migration 
across the intervals is relatively small, well below the total uncer-
tainty of the measured cross sections. The migration effect is taken 
into account using the MC simulation. 

Several sources are considered as contributing to the systematic 
uncertainties. The uncertainties from tracking and PID efficiencies 
and the E/p requirement are each 1.0% per track for all the pp̄
mass intervals [14]. The systematic uncertainty of the luminosity 
measurement is 1.0% for all the data sets [30,31]. The systematic 
uncertainty from the 4C-kinematic fit is caused by inconsistencies 
between χ2

4C distributions in data and simulation. It is estimated 
by modifying the helix parameters of the charged tracks for the 
MC samples according to the method described in Ref. [42]. Clean 
samples of selected e+e− → pp̄π0 events are used to compare the 
χ2 distributions for data and MC simulation. The difference in 
4C



BESIII Collaboration Physics Letters B 817 (2021) 136328

Fig. 4. The cross section for the process e+e− → pp̄ (a) and the effective FF of the proton (b) measured in this work (red points), together with the results from previous 
experiments including statistical and systematic uncertainties: BESIII [14,17,25], BABAR [23,24], E835 [20,21], Fenice [9–11], PS170 [19], E760 [18], DM1 [6], DM2 [7,8], 
BES [13], CLEO [12], ADONE73 [5], and CMD-3 [15]. The blue dashed curve shows the parameterization from Ref. [41] based on Eq. (11).
Table 2
Summary of the systematic uncertainty contributions (in 
%) to the measurement of the Born cross section for the 
process e+e− → pp̄. The contributions from the tracking 
and PID efficiencies, E/p requirement, radiative correc-
tions and luminosity are uniform over the considered 
pp̄ mass range. The systematic uncertainty due to the 
4C kinematic fit and background subtraction depends on 
the pp̄ mass interval. The systematic uncertainties are 
added in quadrature (last raw of the table).

Source Uncertainty (%)

Tracking efficiency 2
PID efficiency 2
E/p 1
Luminosity 1
Radiative corrections 1 - 4
4C kinematic fit 1 - 4
Background subtraction 1 - 8

Sum (cross section) 4 - 9

the determined born cross section with and without this modi-
fication is taken as the systematic uncertainty. To determine the 
uncertainty from the background estimation, the number of back-
ground events obtained in Section 4 is varied by one standard 
deviation and the fit results after subtraction of the modified back-
ground are compared with the nominal values. The radiative cor-
rection factor (1 + δ) is calculated in PHOKHARA generator with 
a theoretical uncertainty of 1%. The uncertainty from the energy 
dependence of the Born cross section used for the (1 + δ) calcula-
tion is determined by varying the line shape of the cross section 
from PHOKHARA event generator within the errors of the mea-
sured cross section. The systematic uncertainties listed above are 
added in quadrature and are summarized in Table 2. 

In Table 4, the obtained values of the Born cross section for the 
process e+e− → pp̄ and the effective FF of the proton are listed in-
cluding the statistical and systematic uncertainties. Figs. 4a and 4b
show the results from this analysis for the e+e− → pp̄ cross sec-
tion and the proton effective FF, respectively, together with results 
from previous experiments.

The data on the TL effective FF are best reproduced by the func-
tion proposed in Ref. [41],

|Geff| = A
(1 + q2/m2

a)[1 − q2/q2
0]2

, q2
0 = 0.71 (GeV/c)2, (11)

where A = 7.7 and m2
a = 14.8 (GeV/c)2 are the fit parameters ob-

tained previously in Ref. [44]. This function is illustrated in Fig. 4b 
by the blue dashed curve and reproduces the behavior of the effec-
tive FF over the full q2 range. However, the measurements indicate 
7

Fig. 5. The effective FF of the proton, after subtraction of the smooth function de-
scribed by Eq. (11), as a function of the relative momentum p. The data are from 
the present analysis (red points) and previous measurements of BESIII [17,25] and 
BABAR [23,24] including statistical and systematic uncertainties. The black dashed 
curve shows the parameterization from Ref. [43] based on Eq. (12).

oscillating structures which are clearly seen when the residuals 
are plotted as a function of the relative momentum p of the final 
proton and antiproton [43]. Fig. 5 shows the values of the proton 
effective FF as a function of p after subtraction of the smooth func-
tion described by Eq. (11). The black curve in Fig. 5 describes the 
periodic oscillations and has the form [43]

F p = Aosc exp(−Bosc p) cos(Cosc p + Dosc), (12)

where Aosc = 0.05, Bosc = 0.7 (GeV/c)−1, Cosc = 5.5 (GeV/c)−1 and 
Dosc = 0.0 have been obtained from a fit to the BABAR data [44].

6. Ratio of proton form factors

The ratio of the electric and magnetic FFs Rem is determined by 
analyzing the distribution of cos θp

dN

d cos θp
= A[FM(cos θp, Mpp̄)+

R2
em

2τ
FE(cos θp, Mpp̄)].

(13)

where N is the number of selected e+e− → pp̄γ candidates after 
e+e− → pp̄π0 background subtraction. The shapes of the mag-
netic contribution FM(cos θp, Mpp̄) and the electric contribution 
FE(cos θp, Mpp̄) are determined from the MC simulation, which in-
cludes the radiative corrections. The distributions obtained for FM
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Fig. 6. The efficiency-corrected cos θp distribution for different Mpp̄ intervals after combining all data sets, (a) threshold–1.95 GeV/c2, (b) 1.95–2.025 GeV/c2, (c) 
2.025–2.10 GeV/c2, (d) 2.10–2.20 GeV/c2, (e) 2.20–2.40 GeV/c2 and (f) 2.40–3.00 GeV/c2. The red dots with error bars including statistical uncertainty only represent the dis-
tribution from data after e+e− → pp̄π0 background subtraction (as described in the text) and MC efficiency correction, the blue dotted lines show the fit to the data, and 
the green and purple dash-dotted histograms represent the magnetic and electric contributions to the fit, respectively.
and FE in a given Mpp̄ interval are approximately proportional to 
1 + cos2 θp and sin2 θp , respectively, as follows from Eq. (1). The 
factor 1

2 arises from the normalization of FM and FE to the same 
integral, and the parameter A is an overall normalization factor. 
In the fit function, τ is calculated as the mean value over the pp̄
mass interval.

The ratio of the proton FFs is determined by fitting the cos θp

distribution in six Mpp̄ intervals from threshold to 3.0 GeV/c2, with 
Mpp̄ reconstructed from the measured tracks of the proton and 
antiproton candidates. For each data set and Mpp̄ interval, the es-
timated background from the process e+e− → pp̄π0 is subtracted 
from the number of signal candidates. The remaining signal is 
corrected for the selection efficiency calculated with correspond-
ing MC samples and the efficiency-corrected distributions from all 
data sets are combined. Fig. 6 shows the cos θp distribution for six 
8

Table 3
Sum of the numbers of selected e+e− → pp̄γ candidates (Nk) and the number of 
e+e− → pp̄π0 background events (N bkg

k ) over the seven c.m. energy points, and 
the results for the ratio Rem obtained from the fit for each Mpp̄ interval k.

Mass Int. Nk N bkg
k Rem

[GeV/c2] (|GE|/|GM|)
1.877-1.950 584 160 ± 5 1.27 ± 0.23 ± 0.09
1.950-2.025 802 314 ± 7 1.78 ± 0.33 ± 0.11
2.025-2.100 912 352 ± 8 1.46 ± 0.27 ± 0.09
2.100-2.200 905 370 ± 8 1.82 ± 0.37 ± 0.24
2.200-2.400 929 477 ± 9 1.36 ± 0.37 ± 0.22
2.400-3.000 1159 656 ± 10 0.64 ± 0.47 ± 0.22

Mpp̄ intervals, and the results of the fits using Eq. (13). Table 3
summarizes the Rem ratios obtained from the fits where the first 
uncertainty is statistical and the second one systematic.
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Table 4
The integrated luminosity (Li ), the number of candidates (Ni ), the estimated e+e− → pp̄π0 background (N bkg

i ), the average over the seven c.m. energy points of the 
selection efficiencies (ε̄i ) and the radiative correction factors ((1 + δi)), the measured e+e− → pp̄ Born cross section (σi ) and the effective FF (|Geff|).

Mpp̄ [GeV/c2] Li [pb−1] Ni N bkg
i ε̄i (1 + δi) σi [pb] |Geff|

1.877 - 1.900 2.11 167 30.8 ± 2.3 0.071 1.21 721 ± 71 ± 26 0.401 ± 0.020 ± 0.007
1.900 - 1.925 2.30 194 52.8 ± 3.0 0.068 1.15 735 ± 77 ± 26 0.320 ± 0.017 ± 0.006
1.925 - 1.950 2.36 223 77.4 ± 3.6 0.069 1.13 787 ± 84 ± 30 0.298 ± 0.016 ± 0.006
1.950 - 1.975 2.41 263 88.8 ± 3.9 0.068 1.12 933 ± 90 ± 34 0.305 ± 0.015 ± 0.006
1.975 - 2.000 2.47 270 113.0 ± 4.4 0.067 1.12 818 ± 90 ± 41 0.275 ± 0.015 ± 0.007
2.000 - 2.025 2.53 269 114.6 ± 4.4 0.067 1.11 796 ± 89 ± 38 0.263 ± 0.015 ± 0.006
2.025 - 2.050 2.59 309 118.9 ± 4.5 0.066 1.11 950 ± 93 ± 38 0.282 ± 0.014 ± 0.006
2.050 - 2.075 2.65 321 123.1 ± 4.6 0.066 1.11 1011 ± 95 ± 41 0.286 ± 0.013 ± 0.006
2.075 - 2.100 2.72 282 112.8 ± 4.4 0.065 1.11 792 ± 86 ± 36 0.251 ± 0.014 ± 0.006
2.100 - 2.125 2.79 264 105.7 ± 4.2 0.066 1.10 762 ± 82 ± 31 0.244 ± 0.013 ± 0.005
2.125 - 2.150 2.85 227 92.7 ± 3.9 0.066 1.10 610 ± 73 ± 25 0.217 ± 0.013 ± 0.004
2.150 - 2.175 2.93 236 92.4 ± 3.9 0.065 1.10 650 ± 74 ± 26 0.224 ± 0.013 ± 0.004
2.175 - 2.200 3.00 178 81.2 ± 3.7 0.066 1.10 427 ± 62 ± 19 0.181 ± 0.013 ± 0.004
2.200 - 2.225 3.08 174 83.7 ± 3.7 0.066 1.10 385 ± 60 ± 17 0.172 ± 0.013 ± 0.004
2.225 - 2.250 3.15 140 65.2 ± 3.3 0.067 1.10 314 ± 52 ± 14 0.155 ± 0.013 ± 0.003
2.250 - 2.275 3.24 152 65.4 ± 3.3 0.068 1.10 359 ± 53 ± 15 0.166 ± 0.012 ± 0.004
2.275 - 2.300 3.32 114 62.1 ± 3.2 0.068 1.09 186 ± 43 ± 11 0.120 ± 0.014 ± 0.003
2.300 - 2.350 6.91 192 105.6 ± 4.2 0.070 1.10 154 ± 27 ± 8 0.110 ± 0.010 ± 0.003
2.350 - 2.400 7.28 157 93.5 ± 3.9 0.072 1.09 107 ± 23 ± 6 0.092 ± 0.010 ± 0.003
2.400 - 2.450 7.69 149 82.1 ± 3.7 0.073 1.09 100 ± 20 ± 8 0.090 ± 0.009 ± 0.003
2.450 - 2.500 8.13 139 66.9 ± 3.3 0.075 1.08 108 ± 19 ± 7 0.094 ± 0.008 ± 0.003
2.500 - 2.550 8.60 126 62.8 ± 3.2 0.076 1.09 90 ± 17 ± 5 0.087 ± 0.008 ± 0.002
2.550 - 2.600 9.12 104 54.0 ± 3.0 0.077 1.08 64 ± 14 ± 3 0.075 ± 0.008 ± 0.002
2.600 - 2.650 9.68 109 52.9 ± 2.9 0.077 1.09 67 ± 13 ± 3 0.077 ± 0.008 ± 0.002
2.650 - 2.700 10.29 75 47.3 ± 2.8 0.078 1.08 31 ± 11 ± 2 0.053 ± 0.009 ± 0.001
2.700 - 2.750 10.97 73 47.4 ± 2.8 0.080 1.07 26 ± 10 ± 2 0.050 ± 0.009 ± 0.002
2.750 - 2.800 11.71 82 48.4 ± 2.8 0.080 1.07 33 ± 10 ± 2 0.056 ± 0.008 ± 0.002
2.800 - 2.850 12.54 70 50.6 ± 2.8 0.080 1.08 18 ± 9 ± 1 0.042 ± 0.011 ± 0.002
2.850 - 2.900 13.45 92 47.5 ± 2.7 0.080 1.06 30 ± 8 ± 3 0.056 ± 0.007 ± 0.002
2.900 - 2.950 14.47 69 49.9 ± 2.8 0.081 1.07 18 ± 8 ± 1 0.044 ± 0.010 ± 0.002
2.950 - 3.000 15.62 71 49.3 ± 2.8 0.082 1.06 19 ± 7 ± 1 0.045 ± 0.008 ± 0.001
The systematic uncertainties include contributions from three 
main sources: the number of cos θp intervals in the fit, the 4C-
kinematic fit and the uncertainty of the e+e− → pp̄π0 background 
estimation. The contribution from the number of cos θp intervals is 
evaluated by using cos θp distributions with eight intervals instead 
of ten. The variations of the fit results are taken as systematic 
uncertainties. They increase from about 5% in the region below 
2.1 GeV/c2 to 33% at 3.0 GeV/c2. The systematic uncertainties due 
to the 4C-kinematic fit and the background estimation are deter-
mined using the same methods as described in Section 5. The 
uncertainties from the 4C-kinematic fit and background estimation 
are found to be less than 7% in all Mpp̄ intervals. Other contri-
butions to the Rem systematic uncertainty are negligible, when 
compared to the size of the total uncertainty. The systematic un-
certainties are added in quadrature.

Fig. 7 shows the results for Rem from this analysis (red points), 
together with the results from previous measurements. Both sta-
tistical and systematic uncertainties are included. 

7. Summary

Using seven data sets with a total integrated luminosity of 
7.5 fb−1 collected by the BESIII experiment at 

√
s between 3.773 

and 4.600 GeV, the ratio of the proton electromagnetic FF abso-
lute values, the Born cross section for the process e+e− → pp̄ and 
the effective FF of the proton are measured from the pp̄ threshold 
to 3.0 GeV/c2 through the ISR process e+e− → pp̄γ . This mea-
surement confirms an enhancement of the ratio of FFs in the Mpp̄

region below 2.2 GeV/c2 previously observed by BABAR and BESIII 
and differs from the behavior reported by PS170 [19]. Close to the 
threshold, the observed ratio is compatible with unity within the 
uncertainties. The results on the Born cross section for the process 
e+e− → pp̄ and the proton effective FF presented in this work are 
in a good agreement with the measurements from the previous 
9

Fig. 7. Results for Rem from this work (BESIII (LA-ISR), red solid dots) as a func-
tion of the momentum transfer squared, q2, together with the results from previous 
experiments: BABAR [23], PS170 [19], CMD-3 [15], and BESIII [14,17,25]. Both sta-
tistical and systematic uncertainties are included in all the results.

experiments [5–23,25]. In particular, we reproduce the structures 
seen in the BABAR and previous BESIII measurements of the pro-
ton effective FF. The origin of these oscillating structures can be 
attributed to an interference effect involving rescattering processes 
in the final state [44] or to independent resonant structures, as in 
Ref. [45]. Our points below 1.950 GeV/c2 show a slightly smaller 
cross section than the BaBar measurements, nevertheless the two 
measurements are consistent with each other within their uncer-
tainties. The precision of the measurements obtained in this work 
is comparable to or lower than that achieved in previous BESIII 
studies [14,17,25] using the direct annihilation and SA-ISR pro-
cesses which benefit from higher statistics. The analysis described 
here shows the possibility to use the LA-ISR technique at BESIII 
to perform independent and complementary measurements of the 
proton FFs down to the production threshold. Larger samples that 
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are currently being collected by BESIII [29] will enhance the preci-
sion of these measurements.
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