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Abstract: Electromagnetic form factors are fundamental quantities describing the internal structure
of hadrons. They can be measured with scattering processes in the space-like region and annihila-
tion processes in the time-like region. The two regions are connected by crossing symmetry. The
measurements of the proton electromagnetic form factors in the time-like region using the initial
state radiation technique are reviewed. Recent experimental studies have shown that initial state
radiation processes at high luminosity electron-positron colliders can be effectively used to probe the
electromagnetic structure of hadrons. The BABAR experiment at the B-factory PEP-II in Stanford
and the BESIII experiment at BEPCII (an electron positron collider in the τ-charm mass region) in
Beijing have measured the time-like form factors of the proton using the initial state radiation process
e+e− → pp̄γ. The two kinematical regions where the photon is emitted from the initial state at small
and large polar angles have been investigated. In the first case, the photon is in the region not covered
by the detector acceptance and is not detected. The Born cross section and the proton effective form
factor have been measured over a wide and continuous range of the the momentum transfer squared
q2 from the threshold up to 42 (GeV/c)2. The ratio of electric and magnetic form factors of the proton
has been also determined. In this report, the theoretical aspect and the experimental studies of the
initial state radiation process e+e− → pp̄γ are described. The measurements of the Born cross section
and the proton form factors obtained in these analyses near the threshold region and in the relatively
large q2 region are examined. The experimental results are compared to the predictions from theory
and models. Their impact on our understanding of the nucleon structure is discussed.

Keywords: proton; electromagnetic form factors; initial state radiation; time-like

1. Introduction

The concept of symmetry plays a key role in the understanding of the fundamental
building blocks of the universe and the forces binding them. Experiments employing
antimatter, a mirror or a counterpart of a subatomic particle with opposite charge and
right- or left-handed spin, provide important information about the elementary units of
which the universe is composed. Measurements of the exclusive production of a hadron
pair in electron positron annihilation, for example, are of great interest for understanding
the internal structure of hadrons. Assuming the exchange of a virtual photon of positive
momentum transfer squared, q2, between the initial and the final states, these processes
contain direct information about the electromagnetic form factors (EMFFs) in the time-like
region. The number of independent EMFFs is determined by the spin of the hadron taking
into account symmetry properties of the electromagnetic interaction under the Charge,
Parity, and Time (CPT) transformations. Spin 1/2 baryons are characterized by the electric
form factor GE(q2) and magnetic form factor GM(q2). In the space-like region (q2 < 0),
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EMFFs can be accessed experimentally for stable bayrons through the elastic scattering
experiments between electron and baryons. The crossed symmetry channels e+e− ↔ BB̄
allow us to access the time-like region. Crossing symmetry, which holds at the tree level,
states that the same amplitude describes the crossed processes, which occur in different
kinematical regions, and connect the time-like with the space-like EMFFs. Space-like EMFFs
provide information about the distributions of the charge and magnetic current densities.
At low momentum transfer squared, they probe the size of the proton where the proton
charge radius can be deduced from the derivative of |GE| at q2 = 0 (GeV/c)2. Time-like
EMFFs have a less intuitive interpretation compared to the space-like region but their
measurement is crucial to understand the long-range behavior of the strong interactions,
to constrain the models and to test the theoretical predictions [1–3]. They can be used to
study the transition amplitudes of physical processes, like the electromagnetic decays of
vector mesons, and to investigate the discrete hadron spectrum. In Ref. [4], they have been
associated with the time evolution of charge and magnetic current densities.

Time-like EMFFs have been measured in e+e− annihilation experiments by using the
energy scan method, where the center of mass (c.m.) energy (

√
s) of the e+e− beams is

varied, and a measurement on the cross section is performed at each c.m. energy point
through the e+e− direct annihilation process. This method, however, cannot be used at e+e−

colliders that are designed to operate at fixed c.m. energies such as the B-factories PEP-II at
SLAC and KEK-B in Tsukuba with a

√
s corresponding to the mass of the Υ(4S)-resonance.

A complementary approach to the energy scan technique that allows the measurements
of the hadronic final states with invariant masses below the c.m. energy of the collider
is provided by the initial state radiation (ISR) method. The ISR method, also called the
radiative return technique, employs measurements of the process e+e− → hadrons + nγ
where the emission of one or more high energy photons reduces the mass squared of the
hadronic system to below

√
s.

The theoretical studies of the ISR processes started a long time ago in the 1960s. The
importance of the ISR approach has been outlined in the calculation of the photon emission
for muon pair production in Ref. [5] and for pions in Ref. [6]. The possibility of using this
approach at the high luminosity e+e− colliders has been later discussed [7–10], in particular
when the first generation of Φ and B factories came into operation in the late 1990s. It has
been realized that the suppression factor α/π, where α is the fine electromagnetic constant,
due to the photon emission, can be well compensated for by the high luminosities collected
at the e+e− facilities, providing precise measurements of hadronic final states over a wide
c.m. energy range. In addition, this method provides great control of systematic effects
since only one experimental setup is involved in this wide range coverage.

The ISR approach became a powerful tool for the analysis of experiments after the
development of dedicated Monte Carlo event generators for the ISR processes, including
higher order QED corrections, such as the PHOKHARA event generator [11,12] and the
AFKQED package (based on an early version of PHOKHARA called EVA [9,13]). The
theoretical accuracy and the flexibility provided by these event generators have allowed
experiments such as BABAR, Belle, KLOE and BESIII to simulate a large number of hadronic
reactions and perform precise measurements of the corresponding cross sections.

In the time-like region, measurements of baryon EMFFs using the ISR technique
have been provided by BABAR, Belle and BESIII experiments. The BABAR experiment at
PEP-II [14] has measured the time-like EMFFs of the proton with the ISR process e+e− →
pp̄γ [15–17] using datasets of integrated luminosity up to 469 fb−1. The two kinematical
regions, where the photon is emitted from the initial state at small and large polar angles,
have been investigated. In the first case—the small angle ISR (SA-ISR, also called ISR-
Untagged)—the photon is in the region not covered by the detector acceptance and is not
detected, while in the second case for the large angle ISR (LA-ISR, also called ISR-Tagged),
the photon has to be detected and all the particles in the final state are fully reconstructed.
The Born cross section (Equation (2)) and the proton effective form factor (Equation (3)) have
been measured over a wide and continuous range of the the momentum transfer squared
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q2 from the threshold up to 42 (GeV/c)2, considering both analyses. The ratio of electric
and magnetic form factors of the proton has also been determined in the LA-ISR analysis.
The hyperon final states ΛΛ̄γ, ΛΣ̄0γ, ΣΣ̄0γ have also been investigated by BABAR [18].
The |GE|/|Gm| ratio for the Λ hyperon has been measured in two mass intervals between
2.23 and 2.80 GeV/c2. The Belle collaboration at KEK-B used the ISR-technique in the
charmonium energy region and measured the process e+e− → Λ+

c Λ−c [19]. The BESIII
experiment in Beijing provided the world’s largest samples of e+e−collisions in the τ-charm
mass region. Large data samples have been accumulated at c.m. energies corresponding
to the charmonium and X, Y and Z states. At

√
s=3.773 GeV, an integrated luminosity of

2.9 fb−1 has been accumulated and used for most of the ISR analyses. Using these data
samples, precise measurements of the proton EMFFs have been performed with the ISR
method [20,21]. Both LA- and SA-ISR approaches have been studied at BESIII. In these
analyses, the emission of a hard ISR photon in the signal channel is required. Therefore,
the proton EMFFs have been studied in pp̄ mass intervals sufficiently smaller than the c.m.
energies of the used data samples (

√
s ≥3.773 GeV).

Important results with the ISR technique have also been obtained for mesonic fi-
nal states. Precise measurements, for example, on the cross section for the processes
e+e− → π+π− and e+e− → K+K− have been provided by KLEO, BABAR, and BESIII
experiments [22–29]. These measurements cover a wide mass range and have a large
impact on the calculation of the hadronic contribution to the anomalous magnetic moment
of the muon.

In this report, we describe the ISR analyses for the proton EMFFs measurements at
BABAR and BESIII experiments. In Section 2, the theoretical calculations of the differential
and integrated cross section for the process e+e− → pp̄γ are described. The experimental
results of the proton EMFFs measurements from both experiments are reviewed in Section 3,
followed by a discussion in Section 4. Two reports about the nucleon EMFFs through the
scan technique are also published in this Special Issue, and the details may be found in
Refs. [30,31].

2. Theoretical Description for the Process of e+e−→ pp̄γ

2.1. Born Cross Section for e+e− → pp̄ Process

Under the assumption of one virtual photon exchange (Figure 1), the differential cross
section for the annihilation process of e+e− → pp̄ in the e+e− c.m. frame reads as [32]:

dσpp̄(q2)

d cos ϑp
=

πα2βC
2q2

[
|GM(q2)|2

(
1 + cos2 ϑp

)
+
|GE(q2)|2

τ
sin2 ϑp

]
, (1)

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

constant, ϑp is the polar angle of the proton in the e+e− c.m. frame, and the velocity of the
proton, β, equals to

√
1− 1/τ with τ = q2/4m2

p (proton mass mp). The Coulomb factor
C = y

1−e−y (y = πα
β ), which accounts for the electromagnetic interaction between the outgo-

ing proton and antiproton in the final state [16,33]. The moduli of the individual magnetic
and electric FFs can be determined through analyzing the proton angular distribution.
The total cross section for the process of e+e− → pp̄ can be obtained by integrating the
differential cross section (Equation (1)),

σpp̄(q2) =
4πα2βC

3q2

[
|GM|2 +

|GE|2
2τ

]
. (2)

An effective form factor can be introduced as a combination of |GM|2 and |GE|2,

|Geff| =
√

2τ|GM|2 + |GE|2
2τ + 1

, (3)
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e−

e+

γ∗(q)
p̄

p

Figure 1. Feynman diagram under assumption of one virtual photon exchange for the annihilation
process of e+e− → pp̄.

2.2. Cross Section for the e+e− → pp̄γ Process

The cross section for the lowest order ISR process shown in Figure 2, that is, including
only one photon emission from the initial state and integrating over the proton momenta
and the azimuthal angle (φ∗γ) of the ISR photon, can be written as [9,15,34]:

dσpp̄γ(q2)

dq2d cos θ∗γ
=

1
s

W(s, x, θ∗γ)σpp̄(q2),

x =
2E∗γ√

s
= 1− q2

s
,

(4)

where E∗γ and θ∗γ are the energy and the polar angle of the ISR photon, respectively, in the
e+e− c.m. frame. The radiator function W(s, x, θ∗γ) which describes the probability of ISR
photon emission, is written as follows [6,34,35]:

W(s, x, θ∗γ) =
α

πx

(1− x + x2/2
)

sin2 θ∗γ −
(
x2/2

)
sin4 θ∗γ(

sin2 θ∗γ + (4m2
e /s) cos2 θ∗γ

)2

−4m2
e

s
(1− 2x) sin2 θ∗γ − x2 cos4 θ∗γ(
sin2 θ∗γ + (4m2

e /s) cos2 θ∗γ
)2

,

(5)

where me is the electron mass. The integration of W(s, x, θ∗γ) over the ISR photon angle
is given for two practical cases [34,35]. The first one is given for a range of integration
θ0

γ < θ∗γ < (π − θ0
γ) and θ0

γ � me/
√

s,

W(s, x) =
α

πx

[(
2− 2x + x2

)
ln

1 + cos θ0
γ

1− cos θ0
γ
− x2 cos θ0

γ

]
. (6)

For the full range of the ISR polar angle (θ0
γ = 0),

W(s, x) =
α

πx

(
ln

s
m2

e
− 1
)(

2− 2x + x2
)

. (7)

The measurement of the proton EMFFs |GE|, |GM| and their ratio (Rem = |GE|/|GM|)
using the process e+e− → pp̄γ can be performed by studying the angular distribution
of the proton. BABAR and BESIII experiments measured the ratio Rem by analyzing the
cos θp distributions, where θp is the angle between the proton in the pp̄ rest system and the
momentum of the pp̄ system in the e+e− c.m. frame.
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e−

e+

γ∗(q)
p̄

p

γ

Figure 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.

2.3. Radiative Corrections on the e+e− → pp̄γ Process

The emission of extra photons from the charged particles involved in the reaction
e+e− → pp̄γ requires precise calculation of the differential cross section at higher orders in
the expansion of the fine structure constant α. Radiative corrections are usually incorporated
in event generators and applied to the experimental analyses, taking into account the
conditions of these experiments. This procedure allows for the convolution between the
radiative corrections and the corrections of other experimental factors like, for example, the
detection efficiency and the acceptance.

In the simulations of the e+e− → pp̄γ process at large photon emission angle, the
BABAR collaboration has considered the additional photon radiation from the initial
state using the structure function method [36,37]. This correction takes into account soft
multi-photon emission and α2 terms in the leading logarithmic calculations.

The BESIII collaboration used the radiative correction calculations provided by the
PHOKHARA event generator [38,39]. The full next-to-leading (NLO) order QED corrections
to ISR in the process e+ + e− → γ + hadrons, where γ is emitted at a non vanishing angle
relative to the electron or positron beams, is considered in Ref. [12]. This includes virtual
and soft photon corrections to the process e+ + e− → γ + hadrons and the emission of two
real hard photons e+ + e− → γ + γ + hadrons. These calculations have been extended
in Refs. [40,41] to the collinear region where the photons can be emitted at large and
small angles relative to the electron or positron beams. The contribution of the leptonic
and hadronic vacuum polarization in the virtual photon line has also been taken into
account [42].

In the ISR measurements of the proton EMFFS, an evaluation of the background
process e+e− → pp̄γ, where the photon is emitted from the final state proton/antiproton,
need to be considered. Some techniques to separate the contributions from initial and
final state photon emission have been discussed in Ref. [9]; in particular, the selection
of events with photons emitted at small angles with respect to the beams axis. These
events are dominated by ISR (Equation (5)). The FSR is therefore expected to have an
important influence on the LA-ISR analyses. The issue of the FSR for the particular process
e+e− → pp̄γ is considered in Ref. [43]. The leading order contributions of soft and hard
real photon emissions have also been studied by taking into account the proton structure.
The corrections from the FSR have been estimated for the BABAR kinematical conditions
to be below 1%. For the BESIII conditions, these corrections are found to be sizeable in the
soft photon region (small x∼0.2). The BESIII LA-ISR analysis is restricted to x > 0.4 where
the corrections are estimated to be at the level of 1% [43]. The BABAR collaboration has
estimated independently the ratio of the FSR to ISR cross section to be about 10−3 [15]. The
FSR corrections have been neglected by BaBar. The BESIII analyses use the leading order
calculations of the FSR implemented in the PHOKHARA event generator [39]. For the real
photon emission, the proton is assumed to be a point-like charged particle. The virtual
corrections are considered with a multiplicative factor which converges to the Coulomb
factor at small proton velocities. They are at the level of 1% in the kinematical conditions of
the BESIII experiment. This one percent is taken conservatively as systematic uncertainty
for the model used in these calculations. The interference between ISR and FSR is not
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considered in these analyses. Larger contributions from FSR in the real data compared to
the Monte Carlo predictions can be seen in the behaviors of the proton and photon angular
distributions.

3. Experimental Results of Proton form Factors from ISR Process

The proton EMFFs have been measured through the ISR technique at BABAR and
BESIII experiments, with both SA- and LA-ISR photon kinematic ranges.

3.1. ISR Process e+e− → pp̄γ at BABAR and BESIII Experiments

The BABAR experiment started to take physics data in October 1999 and completed
data taking in April 2008. Analyses through the ISR process were performed for the
full data (BABAR experiment has performed the LA-ISR analysis with half of luminosity,
232 fb−1, in 2006 [15]. In this report, the results from BABAR LA-ISR analysis with the
full data sets [16] are reviewed) with an integrated luminosity of 469 fb−1, which were
collected at a c.m. energy of 10.58 GeV (Υ(4S)) and 10.54 GeV for about 90% and 10%,
respectively [16,17]. Depending on whether the ISR photon is detected within the detection
volume or escapes through the beam pipes, the analyses are referred to as LA-ISR or SA-ISR,
respectively. The event selection for both types of analyses requires that two charged tracks
originating from the interaction region are detected and identified as a proton or antiproton.
For the LA-ISR analysis, additional photons have to be reconstructed in the events and
a four-momentum kinematic fit is applied for the proton, antiproton and most-energetic
photon. For the SA-ISR analysis, a requirement on pp̄ transverse momentum is applied to
remove the LA-ISR events and to suppress the background events. Figure 3 shows the pp̄
invariant mass distribution from the LA-ISR and SA-ISR analyses.

(a) pp̄ invariant mass (BABAR LA-ISR) (b) pp̄ invariant mass (BABAR SA-ISR)

Figure 3. The pp̄ invariant mass spectrum from BABAR LA-ISR (a) and SA-ISR (b) analyses [16,17].

Two ISR analyses (SA-ISR and LA-ISR) were performed at the BESIII experiment for
the proton EMFFs measurements by using datasets collected at seven c.m. energies between
3.773 and 4.600 GeV with a total integrated luminosity of 7.5 fb−1 [20,21]. Similar to the
BABAR experiment, both analyses required that two charged tracks, generated from the
interaction region, are identified as a proton and an antiproton. For the LA-ISR analysis, an
additional most-energetic photon is included together with the proton and antiproton for a
four-momentum kinematic fit to suppress the background. The dominant background is
from the e+e− → pp̄π0 process with one photon from the π0 decay misidentified as the
ISR photon. For the SA-ISR analysis, the ISR photon escapes through the beam pipes and
consequently, requirements on the missing momentum and missing mass squared of the
proton and antiproton system are used to further suppress background such as two-photon,
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pp̄π0 and higher order ISR processes. Figure 4 shows the pp̄ invariant mass spectra from
BESIII LA-ISR (a) and SA-ISR (b) analyses.

(a) pp̄ invariant mass (BESIII LA-ISR) (b) pp̄ invariant mass (BESIII SA-ISR)

Figure 4. The pp̄ invariant mass spectrum from BESIII ISR analyses: (a) from LA-ISR analysis, the
blue histogram represents the background events from e+e− → pp̄π0 process [21], (b) from SA-ISR
analysis [20].

The Born cross section of e+e− → pp̄, the proton effective form factor and the ratio of
the proton EMFFs were measured at different pp̄ invariant mass regions for the LA- and
SA-ISR analyses from both BABAR and BESIII experiments. Despite the large difference in
the total luminosities collected by the two experiments, the numbers of the selected events
are comparable due to the lower c.m. energies of BESIII compared to BABAR experiment.
Table 1 summarizes the information of the four analyses.

Table 1. Information of the proton EMFFs measurements with LA- and SA-ISR analyses at BABAR
and BESIII experiments.

ISR Analysis

√
s

(Range) Lint
√

q2 Range [GeV/c2] Total Events

[GeV] [fb−1] on σpp̄ (Geff) on Rem on σpp̄

BABAR LA [16]

10.58 469

1.877–4.5 1.877–3.0 6876.0 ± 107.2

BABAR SA [17] 3.0–6.5 - 140.0 ± 13.2

BESIII LA [21]

3.773–4.60 7.5

1.876–3.0 2952.2 ± 75.4

BESIII SA [20] 2.0–3.8 2.0–3.0 6714.2 ± 87.4

3.2. Born Cross Section of e+e− → pp̄ and Proton Effective FF

The Born cross section of e+e− → pp̄ is calculated in small pp̄ invariant mass intervals,

σi
pp̄(mpp̄) =

N i
pp̄

εi
(
1 + δi

)
Li , (8)

where the superscript i represents the ith pp̄ mass interval, N i
pp̄ is the number of pp̄ events,

εi and (1 + δi) are the detection efficiency and the radiative correction factor determined
by the MC simulation, and Li is the ISR differential luminosity calculated as:

Li =
∫

W(s, x)Ldx, x = 1− q2

s
, (9)

where q2 is the four momentum transfer squared for the ith pp̄ mass interval. In BABAR
LA-ISR analysis, the process of e+e− → pp̄γ is simulated to extract the selection efficiency
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and radiative correction factor at the range: 20◦ < θ∗γ < 160◦ in the e+e− c.m. frame,
therefore a reduced phase-space factor cos θ0

γ with θ0
γ = 20◦ was included to calculate the

differential luminosity by using the Equation (6) [15,16]. In both analyses from the BESIII
experiment, the full radiative function W(s, x) (Equation (7)) was used for the differential
luminosity calculation, since the process was simulated in a full phase space [20,21]. The
analyses from BESIII experiment contain data sets from seven c.m. energies with different
integrated luminosity, the differential luminosity was calculated from each data set and
summed up together. To determine the MC efficiency and the radiative correction factor,
their mean value was calculated from all the MC simulations from seven c.m. energies.

The effective form factor of the proton is extracted from the e+e− → pp̄ cross section
measurements for both LA- and SA-ISR analyses at BABAR and BESIII experiments accord-
ing to Equations (2) and (3). Figure 5 shows the results for the e+e− → pp̄ cross section
(Figure 5a) and the proton effective FF (Figure 5b) from all the analyses with the ISR process
at BABAR and BESIII experiments, together with other available experimental data from
the direct annihilation process.

4 5 6 7 8 9 10 11
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Figure 5. The cross section for the process e+e− → pp̄ (a) and the effective FF of the proton (b) [21].
The experimental data presented also include measurements from direct annihilation process. The
details of the plots are described in the Ref. [21].

3.3. The Ratio of the Proton FFs from the ISR Process

Taking advantage of the strong boost of the ISR photon, a full angular distribution
of the proton can be obtained from the e+e− → pp̄γ process. This is in contrast to most
analyses using the direct annihilation process, which has to limit the angular range due
to detector acceptance. Therefore, the ISR method allows the extraction of the ratio of the
proton FFs (Rem) with a relatively higher precision compared to that of direct annihila-
tion measurements with comparable statistics. Both LA-ISR analyses from BABAR and
BESIII measured the ratio of the proton FFs at the pp̄ invariant mass region of threshold
−3.0 GeV/c2 for six mass intervals, while the BESIII SA-ISR analysis measured the ratio
between 2.0–3.0 GeV/c2 for three mass intervals with reduced proton angular distributions.
Figure 6 shows examples of proton angular distributions including a fit to extract the ratio
of the proton FFs [16,20,21].

The results of the extracted ratio of the proton FFs from the three measurements are
shown in Figure 7, including measurements from direct annihilation processes. Compared
to the Born cross section measurements, the uncertainty both in terms of Rem (y axis) and√

q2 (x axis) is still very large due to limited statistics. The results of the proton FFs ratio
are consistent for measurements (direct annihilation and ISR processes) from the e+e−

collider experiments. At the region close to the pp̄ threshold (q2 < 4.2 (GeV/c)2), recent
results of the ratio obtained with ISR process at BABAR and BESIII, as well as by the most
precise measurement with the direct annihilation process at BESIII, disfavor of the early
measurement from the PS170 experiment with the pp̄ → e+e− annihilation process. In



Symmetry 2022, 14, 91 9 of 15

addition, the branching fractions of the J/ψ and ψ′ to pp̄ decays have also been measured
in these ISR analyses by BABAR and BESIII. The results are in good agreement with the
world average values from PDG [44] and provide an experimental check on the validity of
the ISR approach and radiative correction estimations used in these analyses.

(a) BABAR LA-ISR (b) BESIII LA-ISR

(c) BESIII SA-ISR

Figure 6. Examples of proton angular distributions including a fit to extract the ratio of the proton FFs
from the BABAR (a) and BESIII (b) LA-ISA analyses (threshold-1.95 GeV/c2), and the BESIII SA-ISR
(c) analysis (2.3–2.6 GeV/c2). The details of the plots are described in the original references [16,20,21].

2.0 2.2 2.4 2.6 2.8 3.0
q2  [GeV/c2]

0.0

0.5

1.0

1.5

2.0

2.5

R e
m

2/ndf = 0.85

BESIII LA-ISR
BESIII SA-ISR
BABAR LA-ISR
BESIII 2020
CMD-3

BESIII 2015
PS170
PRC 103 (2021) 035203
new fit

Figure 7. The ratio of the proton FFs from BABAR and BESIII LA-ISR analyses at the pp̄ invari-
ant mass region of threshold-3.0 GeV/c2, and from BESIII SA-ISR analysis at the mass region of
2.0–3.0 GeV/c2. Results also include measurements from PS170, BESIII (direct annihilation) and
CMD-3 experiments [45–47]. The dotted line is the fit result in Ref. [48], the dot-dashed line shows a
new fit result with the same formula by including both BESIII ISR results, and the grey band shows
the standard deviation of this fit.
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4. Discussion and Conclusions
4.1. Phenomenology Studies on the Proton EMFFs

The QCD calculation of the nucleon EMFFs in the few GeV momentum transfer regions,
where non-perturbative methods are required, is complicated. Different parametrizations of
the proton EMFFs have been developed to describe the data in the space-like region but only
some of them can be extended to the time-like region (for review see Refs. [1,2]), such as the
parametrizations based on dispersion relations [49] and vector meson dominance [50,51].
Models that allow for a unified description of space-like and time-like regions have also
been exploited, for example, the relativistic constituent quark model within the light-front
framework [52] and the Skyrme model using dispersion relations [53]. This region has
recently attracted a lot of attention, in particular after the precise ISR measurements from
BABAR were available. The BABAR data on the e+e− → pp̄ Born cross section and on
the effective EMFF show evidence of some structures (Figure 5). These structures have
been later confirmed by the three independent analyses from the BESIII collaboration
based on ISR and energy scan techniques. Theoretical studies have attempted to reproduce
these structures and to provide an explanation of their origin. In Ref. [52], these structures
have been referred to possible missing vector mesons that have not been considered in
the calculations. In 2014, an improved parametrization of the nucleon EMFFs based on
generalized vector dominance has been developed and implemented in the PHOKHARA
event generator [39]. It describes well the measurements from BABAR, as well as the
space-like data on the proton form factor ratio using polarized beam and/or target. In 2015,
Lorenz et al. analyzed the EMFFs ratio and the effective FF of the proton from both TL
and SL regions, and discussed possible contributions to the nucleon FFs from the vector
meson φ(2170) or from final-state interaction (FSI) at the N∆̄ + c.c and ∆∆̄ thresholds [54].
A recent phenomenology study, by Cao and Dai, has a joint discussion of the effective FF of
proton and neutron, where the periodic structures could be explained by the contributions
from pure isoscalar or isovector, or their orthogonal interference [55].

In 2015, Bianconi and Tomasi-Gustafsson studied the proton effective FF from BABAR
LA-ISR measurement, and found the data can be best reproduced by a three-pole function
(F3p(s)) with an additional periodic oscillation part (Fosc[p(s)]) [56,57]. By including more
experimental data from BESIII (direct annihilation and SA-ISR analyses) and CMD-3
experiments, this research was updated in 2021 [48].

|F f it
p (q2)| = F3p(q2) + Fosc

[
p(q2)

]
, (10)

F3p(q2) =
F0

(1 + q2/m2
a)
(
1− q2/m2

0
)2 , (11)

Fosc[p(q2)] = Ae−Bpcos(Cp + D), (12)

where p(q2) =
√

q2(τ − 1) is the relative momentum of the proton in the frame where
the antiproton is at rest, the standard dipole parameter m2

0 = 0.71 (GeV/c)2, and other
parameters are extracted by fitting to the experimental data, the values can be found in the
reference [48]. Figure 8 shows the periodic oscillation structure of the proton effective FF
described by Equation (12), in which the values of parameters are taken from Ref. [56].

Similar to the effective FF of the proton, a fit was performed in Ref. [48] on the ratio
of the proton EMFFs with the function including a monopole decrease and a damped
oscillation,

Rem =
1

1 +
(
q− 2mp

)2/r0

[
1 + r1e−r2(q−2mp) sin

(
r3(q− 2mp)

)]
. (13)

As shown in Figure 7, the fit (dotted line), performed in Ref. [48], was only applied to
the results from BABAR LA-ISA and BESIII energy scan (2020) measurements. By including
more experimental results from both BESIII ISR measurements, a new fit (dot-dashed line
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in Figure 7) is performed in this report, in which the result is slightly changed with an
improved fitting quality. The grey shadow represents a one standard deviation band.

0 0.5 1 1.5 2 2.5 3 3.5

p [GeV/c]

0.06−

0.04−

0.02−

0

0.02

0.04

0.06

)]2
[p

(q
os

c
F

BESIII (SA-ISR)

BESIII (LA-ISR) BESIII 2020

BABAR

 

Figure 8. Periodic oscillation structure of the proton effective FF [21]. The dotted line represents the
oscillation contribution, which is described by Equation (12) and the value of fit parameters are taken
from Ref. [56].

4.2. Discussion of the Proton EMFFs from the ISR Process

The ISR Process has advantages to investigate the proton EMFFs at the e+e− collider
experiments.

So far, it is the only method used to extract the ratio of proton EMFFs at the pp̄
threshold. Because of the very low momentum of the produced proton/anti-proton at the
threshold from the direct annihilation process, it is not possible to reconstruct the charged
tracks in a tracking system of the detector. The CMD-3 experiment has measured the
cross section of e+e− → pp̄ at the invariant mass very close to the threshold (1.89 and
1.90 GeV/c2) by counting the annihilation of the antiproton in the beam pipe or in the drift
chamber (tracking sub-detector) [47]. The ratio or the individual FF could not be extracted
at these invariant mass regions because the angular distribution analysis is impossible
without the proton/antiproton charged track reconstruction. With the strong boost of an
ISR photon, the proton and antiproton are produced at their threshold with large momenta;
therefore, full information of the momentum and PID can be obtained for the charged tracks
of the pp̄ system, thus it is possible to extract the ratio of the proton EMFFs (or individual
FFs) by analyzing the angular distribution of the proton at the pp̄ threshold region.

A full angular distribution of the proton improves the precision of the ratio of the
proton FFs. It is not possible to have a full angular distribution of the proton from the direct
annihilation process due to the non-4π acceptance of a detector. As another benefit of the
boost of the ISR photon, a full angular distribution of the proton (Figure 6) is obtained in the
pp̄ c.m. frame, and the ratio is extracted with higher precision by fitting to the full angular
distribution. Table 2 lists a simple comparison for the precision of the proton FFs ratio,
which were measured by the LA-ISR analyses from BABAR and BESIII, the SA-ISR analysis
from BESIII, and the direct annihilation analyses from BESIII and CMD-3 experiments. The
impact of the full angular distribution can be seen by comparing the statistical uncertainty
on the proton FFs ratio to the corresponding one of the total number of observed events.

In addition, the ISR method provides continuous measurements of the proton EMFFs
in a large pp̄ invariant mass range. The combined BABAR and BESIII ISR measurements of
the Born cross section and the proton effective FF cover the range from the threshold up to
6.5 GeV/c2, while the existing data from scan experiments are only available at discrete pp̄
invariant mass points below ∼4.2 GeV/c2.
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Table 2. A simple comparison for the precision of the proton FFs ratio measured by the ISR
process and the direct annihilation process from BABAR, BESIII and CMD-3 experiments. [Note:
the uncertainty of the proton FFs ratio (∆Rem/Rem) is statistical only, except the one from BESIII
SA-ISR analysis].

q [GeV/c] Nevt ∆Nevt/Nevt ∆Rem/Rem Experiment

2.025–2.100 1328 2.74% 10.79% BABAR LA-ISR [16]

2.025–2.100 560 4.23% 18.49% BESIII LA-ISR [21]

2.0–2.3 4283 1.53% ∼23.39% BESIII SA-ISA [20]

2.125 50312 0.45% 3.39% BESIII energy scan [46]

1.92–2.00 2577 1.97% 15.44% CMD-3 (combined) [47]

4.3. Expectation of the Nucleon EMFFs Measurements through ISR Technique

The disadvantage of the ISR process for the proton EMFFs measurement is obviously
that the statistics are much lower compared to the direct annihilation process, therefore
very high luminosity is necessary to compensate. The Belle-II experiment on the B-factory
SuperKEKB is starting data collection and will be able to contribute to the proton EMFFs
study in the future. The Belle-II experiment has the goal of obtaining a total integrated
luminosity of 50 ab−1 in the c.m. energy range from 9.46 to 11.24 GeV, and it has planned
to collect ∼5 ab−1 integrated luminosity in 2020 [58]. According to a recent report, the
plan is delayed and an integrated luminosity of 231 fb−1 was accumulated until 2021 [59].
The BESIII experiment is continuing to collect data between 2.00 and 4.95 GeV, where
many large datasets might be helpful to improve measurements of the proton EMFFs
in a large q2 range, and it is even possible to access other baryon-antibaryon channels.
The BESIII experiment has accumulated large luminosity datasets above 3.770 GeV. The
datasets, which can be used for the baryon EMFFs measurements with the ISR technique,
are estimated to be ∼22 fb−1 until 2021 [60]. In the next two years, BESIII will collect
data at

√
s = 3.773 GeV to obtain a total luminosity up to 20 fb−1 (including the 2.9 fb−1

from previous data) [61]. Considering that one disadvantage of the ISR technique is worse
resolution of the pp̄ invariant mass, the BESIII experiment also plans to explore the nucleon
production threshold region through a direct annihilation process by taking data below
2.0 GeV [62].

Regarding the expected luminosities from both experiments in the next few years,
research on the EMFFs of the proton may achieve significant progress with the ISR tech-
nique, especially for the EMFFs ratio of the proton close to the pp̄ threshold region, where
the detection efficiency is almost zero for the low momentum proton/antiproton tracks
produced from the direct annihilation process.

4.4. Summary

The ISR technique to analyze proton EMFFs is not only a complementary method,
but also has the advantages of accessing the proton–antiproton threshold and to improve
the precision of the ratio measurement with full proton angular distribution analysis. The
BABAR experiment started the proton EMFFs research with the ISR technique, and the
results of the proton EMFFs ratio show a tension on the ratio of the proton EMFFs to the
results from previous experiment PS170. The BESIII experiment performed the proton
EMFFs measurements through the direct annihilation and ISR processes with different
datasets, very high precision for the measurements on the e+e− → pp̄ cross section and
the FFs (ratio) is achieved from the direct annihilation analysis, and the large invariant
mass range from the pp̄-threshold to 3.8 GeV/c2 is covered from the ISR analyses. Future
measurements with a higher precision, in particular close to the pp̄ threshold, will enhance
our knowledge of the proton EMFFs in the time-like region.
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3. Dubničková, A.Z.; Dubnička, S. Pront EM Form Factors Data Are in Disagreement with New σtot(e+e− → pp̄) Measurements.

arXiv 2020, arXiv:2010.15872.
4. Kuraev, E.A.; Dbeyssi, A.; Tomasi-Gustafsson, E. A model for space and time-like proton (neutron) form factors. Phys. Lett. B

2012, 712, 240–244. [CrossRef]
5. Baier, V.N.; Khoze, V.A. Photon emission in muon pair production in electron-positron collisions. Sov. Phys. JETP 1965, 21,

629–632.
6. Baier, V.N.; Khoze, V.A. Radiation accompanying two particle annihilation of an electron-positron pair. Sov. Phys. JETP 1965, 21,

1145–1150.
7. Arbuzov, A.B.; Kuraef, E.A.; Merenkov, N.P.; Trentadue, L. Hadronic cross-sections in electron-positron annihilation with tagged

photon. JHEP 1998, 12, 009. [CrossRef]
8. Benayoun, M.; Eidelman, S.I.; Ivanchenko, V.N.; Silagadze, Z.K. Spectroscopy at B factories using hard photon emission. Mod.

Phys. Lett. A 1999, 14, 2605–2614. [CrossRef]
9. Binner, S.; Kühn, J.H.; Melnikov, K. Measuring σ(e+e− →hadrons) using tagged photon. Phys. Lett. B 1999, 459, 279–287.

[CrossRef]
10. Konchatnij, M.I.; Merenkov, N.P. Scanning of hadron cross-section at DAPHNE by analysis of initial state radiative events. JETP

Lett. 1999, 69, 811–818. [CrossRef]
11. Rodrigo, G.; Gehrmann-De Ridder, A.; Guilleaume, M.; Kühn, J.H. NLO QED corrections to ISR in e+e− annihilation and the

measurement of σ(e+e− → hadrons) using tagged photons. Eur. Phys. J. C 2001, 22, 81–88. [CrossRef]
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