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Abstract. The BESIII experiment, operated at the BEPCII e+e− collider in Bei-
jing, has acquired large data sets at center-of-mass energies between 2.0 GeV
and 4.6 GeV. One of the key aspects of the physics program of the BESIII col-
laboration is to test the understanding of QCD at intermediate energies. Ap-
plying different experimental techniques, form factors of hadrons are measured.
Among these are the pion form factor, as an important input to the (g − 2)µ
puzzle, and the electro-magnetic form factors of nucleons and hyperons in the
time-like regime. An overview of the recent results and some ongoing studies
at BESIII is provided.

1 Introduction

Hadrons are not point-like. Their spatial extension has been studied e.g. in electron nucleon
scattering since the 1960s, and it is still a topic of interest as manifested in the proton ra-
dius puzzle [1]. In addition to the size of hadrons, also their internal structure is of interest.
It is still not fully understood how the masses of hadrons are generated. While the lightest
mesons have masses of the order of 100 MeV and Baryon masses start from approximately
1 GeV, their two or three constituents have masses of only a few MeV, respectively. The
difference in mass is assumed to be generated due to the internal dynamics of the hadrons.
Observables, which allow to parameterize the structure and the internal dynamics are elec-
tromagnetic form factors (EMFF). At the BESIII experiment in Beijing hadron EMFFs are
studied to test and enhance the understanding of non-perturbative quantum chromodynamics
(QCD), where hadrons and not quarks and gluons are the relevant degrees of freedom.

2 BESIII experiment

The BESIII detector is a magnetic spectrometer [2] located at the Beijing Electron Positron
Collider (BEPCII) [3]. The cylindrical core of the BESIII detector consists of a helium-
based multilayer drift chamber (MDC), a plastic scintillator time-of-flight system (TOF), and
a CsI(Tl) electromagnetic calorimeter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The solenoid is supported by an octago-
nal flux-return yoke with resistive plate counter muon identifier modules (MUC) interleaved
with steel. The acceptance of charged particles and photons is 93% over 4π solid angle. The
charged-particle momentum resolution at 1 GeV/c is 0.5%, and the dE/dx resolution is 6%
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for the electrons from Bhabha scattering. The EMC measures photon energies with a res-
olution of 2.5% (5%) at 1 GeV in the barrel (end cap) region. The time resolution of the
TOF barrel part is 68 ps, while that of the end cap part is 110 ps. The end cap TOF system
was upgraded in 2015 with multi-gap resistive plate chamber technology, providing a time
resolution of 60 ps [4, 5].

BEPCII provides e+e− collisions at center-of-mass energies from 2.0 GeV to 4.6 GeV.
It is optimized for the operation at

√
s = 3.773 GeV, the peak of the ψ(3770) resonance,

where the design luminosity of 1033 cm−2s−1 has been achieved. The energy dependence of
cross sections can be studied in conventional scan measurements in the energy range covered
by BEPCII. The method of initial state radiation (ISR) allows to extend the energy range
down to the two pion mass threshold. The emission of a photon from the initial state lowers

the effective center-of-mass energy
√

s′ =
√

s − 2
√

sEγ, where Eγ is the energy of the ISR
photon. The cross sections measured in this way are radiative cross sections. They are related
to the cross section of the process without ISR by the radiator function H(s, Eγ, θγ), which
describes the probability to emit an ISR photon of the energy Eγ at the polar angle θγ at a
specific

√
s. The relation of radiative and non-radiative cross sections is given by dσhad+γ

dmγ
=

2mhad
s H(s, Eγ, θγ)σhad.

The radiator function produces a characteristic shape in the angular distribution of the
ISR photons. Most of the photons are emitted collinear to the lepton beams. The produced
hadronic system is boosted in the direction opposite to the photon. Considering the accep-
tance of the BESIII detector, two different analysis strategies for ISR events can be defined.
On the one hand, the hadronic system as well as the ISR photon can be registered in the
detector. This case is referred to as “tagged ISR measurement”. It allows to measure cross
sections from the two-pion mass threshold up to the actual center-of-mass energy of the ac-
celerator. However, with increasing masses of the produced hadronic system, i.e. decreasing
photon energies, it is more likely to mistake random signals in the EMC for an ISR photon,
leading to a high background contamination. On the other hand, the hadronic system can
be measured in the detector, while the ISR photon escapes detection being emitted along the
beam axis. By exploiting energy and momentum conservation the photon four-vector can be
determined. Requiring its polar angle to be small rejects most of the background events and
selects the peaking part of the differential radiative cross section. This scenario is referred to
as “untagged ISR measurement”. Due to the boost, the acceptance for the hadronic system
is limited. The higher the photon energy, i.e. in case of small masses of the hadronic sys-
tem, the higher is the probability for the final state particles to be emitted close to the beam
pipe, where they cannot be registered by a detector. The acceptance of the BESIII detector
imposes a threshold of approximately 1 GeV/c2 on the mass of the hadronic system in an
untagged measurement.

Due to the emission of the ISR photon, the radiative process is suppressed by a factor
α
π

. In order to perform precision studies, large data samples are required. In the recent years
the BESIII collaboration has acquired large data sets of more than 10 fb−1 at center-of-mass
energies at and above the ψ(3770) resonance [6, 7]. These are exploited to measure meson
and baryon form factors using both, the tagged and untagged ISR methods.

3 Meson form factors

A special interest in meson form factors comes from the anomalous magnetic moment of the
muon. There is a long standing discrepancy of more than three standard deviations between
the experimental value obtained in a direct measurement [8] and the theory prediction within
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the Standard Model (SM) [9]. In order to settle this difference new measurements are per-
formed at FNAL with the aim of a fourfold improvement of the current accuracy [10]. A first
result with the accuracy of the previous measurement is expected for spring 2019. Another
direct measurement is prepared at J-PARC, using a different approach [11]. The accuracy
of the SM prediction is currently completely limited by the hadronic contributions to aµ.
The largest of these contributions comes from leading order hadronic vacuum polarization
effects. Due to the asymptotic freedom in the strong interaction, the contribution cannot be
evaluated by perturbative means. Besides the recent progress in lattice QCD [12], information
from experiment has been used to improve the calculations. The optical theorem relates the
leading order vacuum polarization contribution ahVP,LO

µ to hadronic cross sections measured
in e+e− collisions. The approach allows to systematically improve the accuracy of ahVP,LO

µ

with high precision measurements of hadronic cross sections. The dispersive integral used
to evaluate the cross section also contains a kernel function. Both, the cross sections as well
as the kernel function show an energy dependence of 1/s, putting special emphasis on the
cross sections at

√
s < 1 GeV. As a consequence, the cross section σ(e+e− → π+π−), which

includes the production and decay of the ρ resonance, makes up for about 70% of the abso-
lute value of ahVP,LO

µ . To evaluate its uncertainty, the cross sections of higher multiplicities
e+e− → π+π−π0, e+e− → π+π−2π0 and e+e− → 2π+2π− also play an important role.

The cross section σ(e+e− → π+π−) has been measured with sub-percent accuracy by
the KLOE [13] and BaBar [14] collaborations. However, their results differ by more than
3%, which is reflected in the uncertainty of the evaluation of ahVP,LO

µ . In order to clarify
the situation, a new high precision measurement has been performed at BESIII [15]. Based
on 2.93 fb−1 of data taken at

√
s = 3.773 GeV, the method of tagged ISR has been used to

study the cross section of two-pion production at center of mass energies between 600 and
900 MeV/c2. Due to the similar masses of the final state particles, the radiative production of
muon pairs e+e− → µ+µ− constitutes the dominating background contribution. Combining
the information from different sub-detectors, like energy loss in the MDC, energy deposits
and shower shapes in the EMC, and the penetration depth in the MUC, an artificial neural net-
work has been trained with Monte Carlo samples to separate effectively muons from pions.
Systematic differences between data and simulations have been carefully studied and cor-
rected for. The validity of the corrections has been tested by comparing the muon event yield
with the QED prediction as implemented in the Phokhara event generator [16, 17], where an
accuracy of 0.5% is claimed. Excellent agreement with the selected data was found.

Finally, the e+e− → π+π−γISR signal event yield is corrected for detection efficiency,
and is normalized to the integrated luminosity of the data set to obtain the radiative cross
section. By correcting for vacuum polarization and FSR effects, and by dividing out the
radiator function, the bare cross section, relevant to determine the contribution to ahVP,LO

µ ,
is calculated. A total uncertainty of the cross section of 0.9% is achieved. The dominating
systematic uncertainties are due to the luminosity determination and the knowledge of the
radiator function, with 0.5% each.

The BESIII result is compared with previous measurements based on a fit of the pion FF
with a Gounaris-Sakurai parameterization, illustrated in Fig. 1. Though systematic deviations
can be observed for both, the KLOE results as well as the BaBar results, the value of ahVP,LO

µ

obtained from the evaluation of the dispersive integral agrees nicely with the values obtained
by the KLOE collaboration, as shown in Fig. 1. The result of the BESIII measurement is
aππ,LO
µ (600−900 MeV) = 368.2±2.5stat±3.3syst ·10−10. It confirms the deviation between the

direct measurement and the SM prediction of aµ to be on the level of more than three standard
deviations. Recent dispersive evaluations of compilations of hadronic cross sections [9, 18],
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Figure 1. (From Ref. [15]) left: Pion FF determined at BESIII with the result of a Gounaris-Sakurai
fit. right: Comparison of aππ,LO

µ (600 − 900 MeV) determined at BESIII and by previous experiments.

which include the BESIII result, were able to reduce the uncertainty of the hadronic vacuum
contribution to aµ by more than 20%.

4 Baryon form factors

The number of form factors (FF) of baryons depends on their spin s. Due to their fermionic
nature baryons have more than one time-like EMFF, where the number is given by (2s + 1).
Thus, nucleons and Λ hyperons have two EMFF.

The vertex related to the baryons produced in e+e− annihilation can be described as

Γµ = γµF1(q2) +
iσµνqν
2MB

κF2(q2), (1)

where F1(q2) and F2(q2) are the Pauli and Dirac FF, respectively. MB is the mass of the
baryon, κ is the anomalous magnetic moment of the baryon, and q2 is the momentum transfer.
Experimentally more convenient is the use of the Sachs FF GE and GM, which are linear
combinations of the Pauli and Dirac FF:

GE = F1(q2) +
q2

4M2
B

κF2(q2) GM = F1(q2) + κF2(q2) (2)

The Sachs FF are EMFFs, describing the charge and magnetic distributions of the baryon.
They can be determined by the angular analysis of the differential cross section, which is
given as:

dσBorn

dΩ
=
α2β2C

4q2

[
(1 + cos2 θCM

B )|GM|2 +
1
τ
|GE|2 sin2 θCM

B

]
, (3)

where C is the Coulomb factor, with C = 1 for neutral and C = πα

β(1−e
π αβ )

for charged particles,

respectively, and β =
√

1 − 1
τ

with τ = q2

4M2
B
.

Assuming the absolute values of the electric and magnetic FF to be equal, information on
the effective FF can be extracted from the total cross section of baryon production in e+e−

annihilation:

σBorn
BB̄ (q2) =

4πα2β2C
3q2

[
|GM|2 +

1
2τ
|GE|2
]

|Geff(q2)| =

√√√
σBorn

BB̄
(q2)

(1 + 1
2τ )

4πα2β2C
3q2

(4)

In the following, recent results and selected ongoing studies of nucleon and hyperon
EMFF at BESIII are discussed.
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4.1 Nucleon form factors

A first measurement of proton EMFFs has been performed at BESIII in 2012 as a scan exper-
iment [19]. At 12 different center of mass energies from 2232.4 MeV to 3671.0 MeV at total
integrated luminosity of 157 pb−1 has been collected. (Anti-)proton candidates are selected
by requiring two oppositely charged tracks per event. By evaluating the energy loss of the
tracks in the MDC as well as their associated time of flight, protons are identified. Addi-
tional kinematic constraints on the relative opening angles of the tracks in the center-of-mass
frame allow to suppress further background. The Born cross section is determined for each
energy point by normalizing the background subtracted event yield to the integrated lumi-
nosity and reconstruction efficiency, and by correcting for radiative effects. The effective FF
extracted from the Born cross section is in agreement with previous measurements, however,
the accuracy is improved by approximately 30% due to the BESIII result.

At the three scan point with largest statistics, the differential cross section is studied in
order to determine the FF ratio R = |GE |

|GM | . The ratio has been determined in two different ways,
using a fit to the angular distributions, and by using the method of moments. Both methods
yield compatible results, showing the value of the FF ratio to be consistent with R = 1, which
supports the assumption used in the extraction of the effective FF. The extracted FF ratio is
also in agreement with the BaBar result, however, it is clearly limited by statistics. The result
motivated a new, high statistics energy scan at BESIII, which was performed in 2015. The
data is still under evaluation.

At the same time, the high statistics samples taken at center-of-mass energies at and above
the peak of the ψ(3770) resonance have been exploited to study the proton FF. In total a data
set of 7.4 fb−1 at energies between

√
s = 3.773 GeV and 4.6 GeV [6, 7] is analyzed using the

tagged and untagged ISR methods.
For the tagged ISR method, events with two oppositely charged tracks identified as

(anti-)protons and one high energetic photon candidate are selected. Performing a 4C kine-
matic fit constrained by energy and momentum conservation most background contributions
can be suppressed. The dominating background contribution of e+e− → pp̄π0 can be sup-
pressed by using a successful 5C kinematic fit with one additional photon in the event as a
veto criterion. The additional constraint comes from enforcing the π0 mass in the fit. In this
way, the tagged ISR method allows to study the Born cross section and the effective FF in
31 bins from the pp̄ threshold up to 3.0 GeV. In order to extract the FF ratio in an angular
analysis with reasonable accuracy, the number of bins is reduced to six.

The untagged ISR method is exploited by selecting events with two oppositely charged
tracks, which have been identified as protons. The missing momentum to the pp̄ par is
calculated and required to have a small polar angle, assuming it is due to a photon that escaped
detection along the beam pipe. Correspondingly, the event candidates must yield a small
missing mass. With this analysis scheme, the Born cross section of e+e− → pp̄ and the
effective proton FF can be investigated in 30 bins from

√
s = 2.0 GeV to 3.0 GeV. The

angular analysis of the FF ratio is performed in three bins of this mass range.
The preliminary results of the angular analysis of both ISR methods are shown in Fig. 2.

The accuracy is competitive with previous measurements. The FF ratios are in agreement
with the BaBar result as well as the published BESIII scan measurement [19].

Also the preliminary results on the Born cross section and the effective FF of the tagged
as well as untagged ISR methods are shown in Fig. 2. They are consistent with previous
measurements. The untagged BESIII result is competitive in its statistical accuracy with the
BaBar result, which has been obtained with the tagged ISR methods on a significantly larger
data sample. The result clearly demonstrates the advantage of BESIII being able to access
the small angle ISR events in the untagged method.
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Figure 2. left: e+e− → pp̄ Born cross section results from BESIII scan [19] (grey stars), previous
measurements, and the preliminary results of the BESIII ISR analyses using the tagged (blue) and
untagged (red) method. right: Proton EMFF ratio results from BESIII scan [19] (yellow open circles),
previous measurements, and the preliminary results of the BESIII ISR analyses using the tagged (blue)
and untagged (red) method.

Both the tagged and untagged result of the effective FF support the observation of struc-
tures resembling the pattern of a damped oscillation, when the FF is investigated as a function
of the three-momentum of the relative motion of the protons. The pattern had been reported
in the analysis of the BaBar data [20, 21] and is considered as a sign for a more complex
dynamic effect, which still needs clarification.

4.2 Hyperon form factors

Compared to nucleons, the hyperon EMFF are less well investigated experimentally. Thus,
the BESIII data of the 2012 energy scan have also been used to study the Λ cross section and
EMFF [22]. The data taken at

√
s = 2.2324 GeV, 2.4 GeV, 2.8 GeV, and 3.08 GeV allow to

put emphasis on the threshold region, with the first data point being only 1 MeV above the
ΛΛ̄ threshold. The hyperons are generally reconstructed from their decay to pπ. Only at
threshold another strategy is necessary, since the low energetic nucleons from the decay are
already stopped in the beam pipe. Here, the decay mode nπ0 is exploited in addition, and the
annihilation vertices of p̄ and n̄ at the beam pipe are used to tag the decay of Λ̄. Based on
this strategy, the cross section of ΛΛ̄ production and the effective FF have been determined.
The results, illustrated in Fig. 3 are consistent with previous measurements, however, with
improved accuracy. In contrast to the expectation of a vanishing cross section at threshold,
the BESIII result reveals a steep increase, which hints at a more complex underlying physics
scenario, requiring further detailed studies of hyperon production.

As a part of these studies a new high statistics energy scan has been carried out at BE-
SIII in 2015. A data set of 66.9 pb−1 at

√
s = 2.396 GeV has been acquired, aiming at the

determination of the FF ratio as well as the relative phase of the EMFF of Λ. The hyperon
pairs are exclusively reconstructed in the final state e+e− → ΛΛ̄ → pp̄π+π−. Protons and
pions can be identified by their different momenta. The preliminary results of the extracted
cross section and effective FF are consistent with previous measurements, including the BE-
SIII results [22]. The EMFF ratio R and the relative phase ∆Φ are determined following
the approach suggested by Fäldt and Kupść [23]. The decay distributions of the complete
final state are described by a set of six functions Ti(ξ), where ξ = (θ, θ1, φ1, θ2, φ2) is state
vector of the events, containing the scattering angle θ of the hyperon, and the decay angles
θi and φi of the respective pair of daughter particles. The free parameters in the approach
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are η = τ−R2

τ+R2 , related to the EMFF ratio, and the relative phase ∆Φ. They are determined
by performing an unbinned maximum likelihood fit to the data. The preliminary results are
R = 0.94± 0.16stat ± 0.03syst ± 0.02αΛ and |∆Φ| = 42◦ ± 16◦stat ± 8◦syst ± 6◦αΛ , where the third un-
certainty reflects the deviation of the recent determination of the Λ decay constant [24] from
the PDG value [25]. This is the first measurement of the relative phase of hyperon EMFF in
e+e− collisions.
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Figure 3. left: (From Ref. [22]) The Born cross section of e+e− → ΛΛ̄ from BESIII (red), BaBar
(black) and DM2 (blue). The green line shows a fit with a pQCD prediction. right: (From Ref. [26])
The Born cross section of e+e− → Λ+c Λ̄−c from BESIII (red) and Belle (black).

The center-of-mass energies accessible at BESIII barely allow to study the threshold re-
gion of the charmed hyperon Λc. The reaction e+e− → Λ+c Λ̄−c has been studied at the four
energies

√
s = 4.5745 GeV, 4.580 GeV, 4.590 GeV and 4.5995 GeV [26]. The hyperons are

reconstructed from ten Cabbibo-favored decay modes. The result cross sections are deter-
mined as the weighted average of the individual decay mode analyses. In addition to the
Born cross section and the effective FF, the statistics at

√
s = 4.5745 GeV and 4.5995 GeV

is sufficient to determine the FF ratio in an angular analysis of the differential cross section,
which is the first determination of the FF ratios for charmed baryons. As can be seen in
Fig. 3, there seems to be a tension between the results for the effective FF obtained by the
Belle collaboration [27] and the BESIII result. While the Belle measurement is compatible
with a vanishing cross section at threshold, the BESIII result suggests a plateau in the cross
section. However, the binning of the Belle result, which was obtained using the ISR method,
is rather coarse. The lowest mass bin also extends below the ΛcΛ̄c threshold, which might
distort the distribution. Further, high precision measurement are necessary to improve the
understanding of charmed hyperon production at threshold.

5 Summary and outlook

Form factors are an essential tool to understand the structure and dynamics of hadrons in the
non-perturbative regime. The BESIII experiment can exploit the methods of the conventional
energy scan as well as the tagged and untagged ISR techniques to provide valuable data,
which allow to gain deeper insights.

The measurement of the pion form factor with sub-percent accuracy is an important input
to the calculation of the hadronic contributions to the anomalous magnetic moment of the
muon aµ. Additional investigations of higher pion multiplicities, e.g. e+e− → π+π−π0 and
e+e− → π+π−π0π0, which are important to further reduce the theoretical uncertainty of aµ,
are in preparation and results will be published soon.
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The investigations of the nucleon EMFF will be complemented by a new high statistics
scan measurement, which does not only provide additional data on the proton EMFF GE and
GM, but also the neutron EMFF are studied. The same data are also under evaluation for
hyperon FF, providing more detailed information for Λ,Σ0, and Σ± EMFF.

Studies of the charmed hyperon EMFF at BESIII are currently limited by the accessible
center-of-mass energies of the BEPCII accelerator. A possible upgrade of the machine is
under investigation. The goal is to push the accessible energy range to

√
s = 4.9 Gev, which

allows to study charmed hyperons and their decays in more details.
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