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Introduction and Motivation Introduction to BESIII

Double Storage Rings of BEPCII: A τ -charm factory

Beam energy: 1.0 - 2.3 GeV
Optimum energy: 1.89 GeV
Crossing Angle: ±11 mrad

Beam current: 0.91 A
Designed Lumi: 1×1033 cm−2s−1

Achieved time: 5th April, 2016
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BESIII Spectrometer
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Introduction and Motivation Introduction to BESIII

The BESIII Collaboration

12 countries

58 institutions

∼ 450 members
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Introduction and Motivation Baryon EM Form Factors

Electromagnetic (EM) Form Factors (FFs)
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Introduction and Motivation Baryon EM Form Factors

FFs Measurements in Time-Like Region
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Energy Scan Initial State Radiation
Ebeam discrete fixed
L low at each beam energy high at one beam energy

σ
dσpp
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d2σppγ
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q2 |GE |2 sin2 θ] W (s, x , θγ) = α
πx (2−2x+x2
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− x2

2 )

q2 single at each beam energy from threshold to s

∼ 1
400

Both techniques, energy scan and initial state
radiation, can be used at BESIII
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Introduction and Motivation Baryon EM Form Factors

The Status of Proton FFs in TL Region (Ratio)
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⇒ Extraction of an effective FF
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PRD 87, 092005 (2013)
Nucl. Phys. B 411, 3 (1994)

(Until 2013)
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Introduction and Motivation Baryon EM Form Factors

The Status of Proton FFs in TL Region (Effective FF)

suppression of the relative weight of the rescattering terms,
this is not seen in the range q2 < 10 GeV2, where error bars
allow us to distinguish systematic from statistical oscil-
lations in the data.
The periodicity and the simple shape of the oscillations

seem to exclude a random arrangement of maxima and
minima of heterogeneous origin. Rather, they indicate a
unique interference mechanism behind all the visible
modulation. A simple oscillatory behavior in p means that
the waves corresponding to the outgoing particles originate
from a small number of coherent interfering sources: these
waves may share a common initial source but be rescattered
along different paths or in different ways so to acquire
different phases. We may speak of “alternative rescattering
pathways.” These must be in a small number and there must
be discontinuity among them, otherwise we would see
diffraction patterns instead of interference patterns. For
example, in Ref. [9] it has been suggested that, during the
intermediate stages of p̄p formation, charge and color are
distributed in a highly inhomogeneous way, with disconti-
nuity features.
Since we do not know the rescattering mechanism, we

cannot identify the sources of rescattered waves, but we
may gain some clue on their space distribution. Let ~r be the
space variable that is conjugated to ~p via three-dimensional

Fourier transform. We may identify r as the distance
between the centers of the two forming or formed hadrons,
in the frame where one is at rest. LetM0ðrÞ andMðrÞ be the
Fourier transforms of the regular background fit and of the
complete fit:

F0ðpÞ≡
Z

d3~r expði~p · ~rÞM0ðrÞ; ð14Þ

FðpÞ ¼ F0ðpÞ þ FoscðpÞ≡
Z

d3~r expði~p · ~rÞMðrÞ:

ð15Þ

M0ðrÞ is shown in Fig. 3, left panel. The most relevant
feature is thatM0ðrÞ decreases by 7 orders of magnitude for
r ranging from 0 to 2 fm. The decrease is regular and almost
constant on a semilog scale. M0ðrÞ is steep near the origin,
too. From a mathematical point of view, this follows from
the fact that at the threshold of the p̄p channel the function
F0ðpÞ is a regular, continuous, and rapidly decreasing
function of q2. It can be interpreted by the fact that both
F0ðpÞ and its transformM0ðrÞ are expressions of that short
distance quark-level dynamics [21,22] that permits exclu-
sive p̄p production at the condition that the final quarks and
antiquarks are formed within a small region. Near thresh-
old, the size of this region is ≤ 0.1 fm, much smaller than
the standard hadron size.
In the right panel of Fig. 3 MðrÞ is superimposed to

M0ðrÞ. We notice that these two functions do not differ for
r < 0.7 fm, and that the physical reason of the data
oscillation must be searched for in processes taking place
in the r range 0.7–1.5 fm. This range is important because it
includes the distances corresponding to the largest annihi-
lation probability in the phenomenological p̄p interactions
in the near-threshold region [16,19,20]. At a distance of
1 fm, the relevant part of rescattering must involve physical
or almost physical hadrons that annihilate into groups of
2–10 mesons. As discussed above, this means a large
contribution to the imaginary part of the amplitude for
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FIG. 2 (color online). (a) TL proton generalized FF as a
function of p from Refs. [11,12]; the line is the regular back-
ground fit with Eq. (12); (b) data after subtraction of the fit; the
line is the fit with Eq. (13).

TABLE I. Fit parameters from Eq. (13).

A% ΔA B% ΔB
½GeV'−1

C% ΔC
½GeV'−1

D% ΔD χ2=n:d:f

0.05% 0.01 0.7% 0.2 5.5% 0.2 0.03% 0.3 1.2

r (fm)
0 0.5 1 1.5 2

-410

-310

-210

-110

1

10

210

)3(r) (1/fm0M

r (fm)
0.6 0.8 1 1.2 1.4 1.6

-0.05

0

0.05

0.1

0.15
)3M(r)  (1/fm

0

M
(r

) (
1/

fm
  )3

M
 (r

) (
1/

fm
  )3

FIG. 3. (Left) M0ðrÞ, Eq. (14). (Right) MðrÞ (solid line) from
Eq. (15), and M0ðrÞ (dashed line) for comparison (linear vertical
scale).
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Oscillation behavior of Eff. FF
from BABAR data

Rescattering in final state?
(PRL 114, 232301 (2015))
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Introduction and Motivation Baryon EM Form Factors

The Status of Neutron FFs in TL Region (Effective FF)

  

Experimental situation: neutron FFs

Only two direct measurements of σ(e+e- → nn) and neutron  effective FF 

● No measurement of R = |G
E
/G

M
| or |G

E
| and |G

M
| without previous assumption 

   possible so far

● Close to threshold flat cross section and σ(nn) ≈ σ(pp)

● At threshold cross section different from zero

● |Gn| seems to be larger than |Gp| as q increases (pQCD: |Gp| = 2·|Gn|)

Add teh oscillation and teh 2photon measurement
15

â |Gn
eff | larger than proton,

â No individual FFs (or ratio).

  

Experimental situation: neutron FFs

Only two direct measurements of σ(e+e- → nn) and neutron  effective FF 

● No measurement of R = |G
E
/G

M
| or |G

E
| and |G

M
| without previous assumption 

   possible so far

● Close to threshold flat cross section and σ(nn) ≈ σ(pp)

● At threshold cross section different from zero

● |Gn| seems to be larger than |Gp| as q increases (pQCD: |Gp| = 2·|Gn|)

Add teh oscillation and teh 2photon measurement
15

â Two direct measurements,
â Non-zero cross section at threshold,
â Flat in low range (σn ∼ σp).
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Introduction and Motivation Baryon EM Form Factors

The Status of Hyperons FFs in TL Region

e+e− → ΛΛ, Σ0Σ
0
, ΛΣ

0
(Σ0Λ) [24]. Only upper lim-

its were available before BABAR for these channels, with
exception of the single measurement of ΛΛ production
at 2.386 GeV, by the DM2 Collaboration.

We reconstruct Λ’s from their decays to pπ−, while
for the Σ the decay chain Σ → Λπ, Λ → pπ− is used.
About 200 e+e− → ΛΛ signal events are selected. The
resulting cross section, reported in Fig. 5, shows a be-
havior which seems to favor a non-zero value at thresh-
old, contrary to expectations, given that for neutral final-
state particles the Coulomb factor does not have any
role. However, uncertainties are large due to the limited
statistics and a vanishing cross section at threshold can-
not be excluded. The |GE/GM | ratio is measured from
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Figure 5: The e+e− → ΛΛ cross section measured by BABARin com-
parison with the DM2 measurement [25].

the angular distribution of produced Λ’s for two differ-
ent mass intervals. The results are consistent with unity
with large errors.

A relative phase φ between GE and GM different from
zero would manifest itself in a polarization of the out-
going baryons, perpendicular to the scattering plane of
the process e+e− → BB, While the polarization of the
outgoing protons in the ppproduction case cannot be
measured in BABAR, the Λ polarization ζ is extracted
from the proton angular distribution in the Λ → pπ
decay: dN/d cos θpζ = A

(
1 + αΛζ cos θpζ

)
; where θpζ

is the angle between the polariztion axis and the pro-
ton momentum in the Λ rest frame, and αΛ = 0.642 ±
0.013 [26], with αΛ = −αΛ. The cos θpζ distribution
for simulated events is consistent with a flat beahvior.
The fit to the background subtracted data distribution
returns a slope of 0.020 ± 0.097, which correspond to
a symmetric 90% C.L. interval for the Λ polarization of

p
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Figure 6: The baryon form factors measured by BABAR versus the
dibaryon invariant mass.

−0.22 < ζ < 0.28. Under the assumption of |GE | = |GM |
this interval can be converted in a interval for the rela-
tive phase of the two form factors:

−0.76 < sin φ < 0.98 . (7)

The obtained limits are very weak, but the method has
been proven to work and could give interesting results
if significant higher statistic will be available.

Fig. 6 shows the strange-baryon effective form factors
measured by BABAR. About 20 candidate events have
been selected for both e+e− → Σ0Σ

0
and e+e− → Σ0Λ.

It is seen that the Λ, Σ0, and Σ0Λ form factors are of the
same order. The same figure reports, by comparison,
the proton FF measured by BABAR, whose behavior with
energy appears clearly different. A fit to the Λ FF with
the power-law function F(Q2) ∼ Q−n returns n ≃ 9,
showing that the asymptotic regime n = 4 predicted by
perturbative-QCD is not reached in the measured energy
range below 3 GeV.

6. Conclusions and perspectives

The proton FFs in the time-like region have been
measured for the last thirty years both at e+e− and pp
facilities. BABAR measured with very good accuracy the
e+e− → pp cross section and the magnetic form factor
from threshold up to ∼ 4.5 GeV. However, several un-
explained effects are yet to be fully understood, namely:

• The asymptotic behavior of the magnetic FF seems
to agree with perturbative QCD expectations al-
ready at q2 ∼ 9GeV2, but it is about a factor
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e+e− → ΛΛ, Σ0Σ
0
, ΛΣ

0
(Σ0Λ) [24]. Only upper lim-

its were available before BABAR for these channels, with
exception of the single measurement of ΛΛ production
at 2.386 GeV, by the DM2 Collaboration.

We reconstruct Λ’s from their decays to pπ−, while
for the Σ the decay chain Σ → Λπ, Λ → pπ− is used.
About 200 e+e− → ΛΛ signal events are selected. The
resulting cross section, reported in Fig. 5, shows a be-
havior which seems to favor a non-zero value at thresh-
old, contrary to expectations, given that for neutral final-
state particles the Coulomb factor does not have any
role. However, uncertainties are large due to the limited
statistics and a vanishing cross section at threshold can-
not be excluded. The |GE/GM | ratio is measured from

DM2
BABAR

MΛΛ– (GeV/c2)

Cr
os

s s
ec

tio
n 

(p
b)

0

100

200

300

2.2 2.4 2.6 2.8 3

Figure 5: The e+e− → ΛΛ cross section measured by BABARin com-
parison with the DM2 measurement [25].

the angular distribution of produced Λ’s for two differ-
ent mass intervals. The results are consistent with unity
with large errors.

A relative phase φ between GE and GM different from
zero would manifest itself in a polarization of the out-
going baryons, perpendicular to the scattering plane of
the process e+e− → BB, While the polarization of the
outgoing protons in the ppproduction case cannot be
measured in BABAR, the Λ polarization ζ is extracted
from the proton angular distribution in the Λ → pπ
decay: dN/d cos θpζ = A

(
1 + αΛζ cos θpζ

)
; where θpζ

is the angle between the polariztion axis and the pro-
ton momentum in the Λ rest frame, and αΛ = 0.642 ±
0.013 [26], with αΛ = −αΛ. The cos θpζ distribution
for simulated events is consistent with a flat beahvior.
The fit to the background subtracted data distribution
returns a slope of 0.020 ± 0.097, which correspond to
a symmetric 90% C.L. interval for the Λ polarization of

p

Σ0

ΛΣ0

Λ

m (GeV/c2)

|F
|

0

0.1

0.2

0.3

2.2 2.4 2.6 2.8 3

Figure 6: The baryon form factors measured by BABAR versus the
dibaryon invariant mass.

−0.22 < ζ < 0.28. Under the assumption of |GE | = |GM |
this interval can be converted in a interval for the rela-
tive phase of the two form factors:
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The obtained limits are very weak, but the method has
been proven to work and could give interesting results
if significant higher statistic will be available.
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B Ndata Nff ϵB (%) σB (pb) B × 104
p 4475(78) 16.0(10) 63.1 196(3)(12) 3.08(5)(18)
Λ0 1901(44) 7.9(7) 20.7 247(6)(15) 3.75(9)(23)
Σ0 439(21) 1.1(3) 7.96 148(7)(11) 2.25(11)(16)
Σ+ 281(17) 2.2(3) 4.54 165(10)(11) 2.51(15)(16)
Ξ− 548(23) 2.9(4) 8.37 176(8)(13) 2.66(12)(20)
Ξ0 112(11) 0.4(2) 2.26 135(13)(10) 2.02(19)(15)
Ω− 27(5) 0.2(1) 2.32 31(6)(3) 0.47(9)(5)

Table 1: Cross section and branching fraction results for ψ(2S )→ BB.

B µB Nff ϵB, % σB
0 , pb |GB

M |×102
p 2.79 215(15) 71.3 0.46(3)(3) 0.88(3)(2)
Λ0 −0.61 105(10) 21.1 0.80(8)(5) 1.18(6)(4)
Σ0 (0.79) 15(4) 8.36 0.29(7)(2) 0.71(9)(3)
Σ+ 2.46 29(5) 4.68 0.99(18)(6) 1.32(13)(4)
Ξ− −0.65 38(6) 8.69 0.71(11)(5) 1.14(9)(4)
Ξ0 −1.25 5+2.8−2.3 2.30 0.35+0.20−0.16(3) 0.81(21)(3)
Ω− −2.02 3+2.3−1.9 2.94 0.16+0.13−0.10(2) 0.64+0.21−0.25(3)

Table 2: Results for proton and hyperon form factors at |Q2 | = 14.2 GeV2,
assuming |GB

E | = |GB
M |. The known uncertainties in µB are all less than ±2%.

The magnetic moment for Σ0 is based on the PDG fit to quark model predictions
for the hyperons [12].

Figure 4: Magnetic form factors |GB
M | × 102 for proton and hyperons for |Q2 | =

14.2 GeV2. The closed circles correspond to the assumption |GB
M | = |GB

E |, and
the open circles to the assumption |GB

E | = 0.

tions of both magnetic quadrupole and octopole form factors,
and |GB

E | includes the contributions of both electric dipole and
quadrupole form factors.
We evaluate systematic uncertainties due to various sources

for each hyperon pair, and add the contributions from the dif-
ferent sources together in quadrature. The uncertainties due to
particle reconstruction are 1% per charged particle, 2% per γ,
2% per π0, and 1% per hyperon. There are additional uncertain-
ties of 2% per p and K due to the use of RICH and dE/dx infor-
mation. Other systematic uncertainties are 2% in N(ψ(2S )), 1%
in L(√s = 3770), and 0.2% in the radiative correction. These
systematic uncertainties total 6.1% for Λ0, 7.3% for Σ0, 6,4%
for Σ+, 7.5% for Ξ−, 7.3% for Ξ0, and 10.2% for Ω−.

Since no modern theoretical predictions for timelike form
factors of hyperons at large momentum transfers exist, we can
only discuss our experimental results qualitatively. Following
are the main observations:

(a) The e+e− → γ∗ → BB cross sections in Table 2 are 150
to 500 times smaller than the resonance cross sections in
Table 1, as was expected on the basis of Eq. 1. Clearly,
larger statistics measurements of the form factors would
be highly desirable.

(b) As illustrated in Fig. 4, except for |GM(Σ0)|, the measured
values of |GB

M | vary by approximately a factor two. The
pattern of SU(3) breaking is not obvious, except that we
do observe that there is monotonic decrease in the form
factors as the number of strange quarks increases from one
in the Σ+, to two in the Ξ, to three in the Ω−.

(c) It is common practice to quote spacelike form factors for
protons as |Gp

M(s)/µp|, based on normalization at |Q2| = 0.
For timelike momentum transfers, no such relation be-
tween µB and |GB

M | is expected, and none appears to exist,
with µB as listed in Table 2.

The most significant result of the present measurements is that
|GM(Λ0)| is a factor 1.66(24) larger than |GM(Σ0)|, although the
Λ0 and Σ0 have the same uds quark content. We note that the
Σ0 and Λ0 differ in their isospin, with I(Σ0) = 1, and I(Λ0) = 0.
Since only up and down quarks carry isospin, this implies that
the pair of up/down quarks in the Λ0 and Σ0 have different
isospin configurations. This forces different spin configurations
for the ud quarks in the Λ0 and Σ0. In the Λ0 the ud quarks
have antiparallel spins coupled to S = 0, whereas in the Σ0 they
couple to S = 1. The spatial overlap in the S = 0 configura-
tion in the Λ0 is stronger than in the S = 1 configuration in the
Σ0. This interpretation is further supported by the fact that in
contrast to GM(Σ0), GM(Σ+) = 1.32(13) is essentially equal to
GM(Λ0) = 1.18(7). Unlike the S = 1 coupled ud quarks in Σ0,
in Σ+ the overall space, spin, and isospin antisymmetrization
forces to the two like uu quarks to S = 0, like the ud quarks in
isospin zero Λ0 leading to GM(Σ+) ≈ GM(Λ0). Our measure-
ments at large |Q2| are particularly sensitive to such short range
correlations.
It is interesting to note that in a measurement of production

of Λ0 and Σ0 with polarized photons, Bradford et al. [16] had
observed large differences in polarization observables ofΛ0 and
Σ0, and without explicitly attributing them to diquark correla-
tions, had noted that “the differences were perhaps not surpris-
ing since the spin structure of the Σ0 and Λ are different.”
Recently, Jaffe [3] and Wilczek [4] have emphasized the im-

portance of diquark correlations in low-energy QCD dynam-
ics, and have pointed out that for the non-strange quarks the fa-
vorable diquark configuration with attraction is the spin-isospin
singlet, making what Wilczek calls a “good” diquark in the Λ0
as opposed to the repulsive spin-isospin triplet configuration in
the Σ0. This results in a significantly larger cross section for
the formation of the Λ0 than Σ0, as anticipated by Selem and
Wilczek [4]. We measure σ(Λ0)/σ(Σ0) ≈ 3, and this results in

4

BABAR ISR
process

@
√
s=10.58 GeV
L=232 fb−1

CLEO-c direct process
@
√
s=3.77 GeV
L=805 pb−1

l GB
E = GB

M
m GB

E = 0
ã Only experimentally accessible in TL region
ã Scarce data by CLEO-c, BABAR and DM2
ã Effective FF seems larger than for protons

Nucl. Phys. B 225-227 (2012) 205
Phys. Lett. B 739 (2014) 90
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Measurements of Baryon EM FFs at BESIII

BESIII Data Samples

6 50. Plots of cross sections and related quantities
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Figure 50.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 50.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
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Measurements of Baryon EM FFs at BESIII Proton FFs

Proton FFs from Scan Data 2012

R-scan data: 157 pb−1 in 12 points collected between 2.22 to 3.67 in 2011/2012.

ã Event selection of e+e−→pp:

Two charged tracks from the vertex,

PID as proton or antiproton,

Kinematics constraints apllied,

Background negligible or subtracted.

ã Cross section and effective FF
Born cross section: σBorn = Nobs−Nbkg

ε(1+δ)L

Effective FF: Geff =
√

3q2

4πα2βC · σBorn

1+1/2τ

Good agreement with previous ones,
The precision improved.
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FIG. 4. Comparison of Mpp̄/
√

s distributions at different c.m. energies for data (dots with error bars) and MC (histograms):
(a) 2232.4, (b) 2400.0, (c) 2800.0, (d) 3050.0, (e) 3060.0, (f) 3080.0, (g) 3400.0, (h) 3500.0, (i) 3550.7, (j) 3600.2, (k) 3650.0,
(l) 3671.0 MeV. The sample (i) is a combination of three data sub-samples with very close c.m. energies,

√
s = 3542.4, 3553.8,

3561.1 MeV, and the value of 3550.7 MeV is the average c.m. energy weighted with their luminosity values.

C. Extraction of the Born cross section of
e+e− → pp̄ and the effective FF

The differential Born cross section of e+e− → pp̄ can
be written as a function of FFs, |GE | and |GM | [33],

dσBorn(s)

dΩ
=
α2βC

4s
[|GM (s)|2(1 + cos2 θp)+

4m2
p

s
|GE(s)|2 sin2 θp],

(4)

where α ≈ 1
137 is the fine structure constant, β =√

1 − 4m2
p

s is the velocity of the proton in the e+e−

c.m. system, C = πα
β

1
1−exp(−πα/β) is the Coulomb cor-

rection factor for a point-like proton, s is the square of
the c.m. energy, and θp is the polar angle of the proton
in the e+e− c.m. system. We assume that the proton
is point-like above the pp̄ production threshold, meaning
that the Coulomb force acts only on the already formed

√
s=2.22 GeV

9

TABLE II. Summary of the Born cross section σBorn, the effective FF |G|, and the related variables used to calculate the Born
cross sections at the different c.m. energies

√
s, where Nobs is the number of candidate events, Nbkg is the estimated background

yield, ε′ = ε × (1+ δ) is the product of detection efficiency ε and the radiative correction factor (1 + δ), and L is the integrated
luminosity. The first errors are statistical, and the second systematic.

√
s (MeV) Nobs Nbkg ε′ (%) L (pb−1) σBorn (pb) |G| (×10−2)
2232.4 614 ± 25 1 66.00 2.63 353.0 ± 14.3 ± 15.5 16.10 ± 0.32 ± 0.35
2400.0 297 ± 17 1 65.79 3.42 132.7 ± 7.7 ± 8.1 10.07 ± 0.29 ± 0.31
2800.0 53 ± 7 1 65.08 3.75 21.3 ± 3.0 ± 2.8 4.45 ± 0.31 ± 0.29
3050.0 91 ± 10 2 59.11 14.90 10.1 ± 1.1 ± 0.6 3.29 ± 0.17 ± 0.09
3060.0 78 ± 9 2 59.21 15.06 8.5 ± 1.0 ± 0.6 3.03 ± 0.17 ± 0.10
3080.0 162 ± 13 1 58.97 30.73 8.9 ± 0.7 ± 0.5 3.11 ± 0.12 ± 0.08
3400.0 2 ± 1 0 63.34 1.73 1.8 ± 1.3 ± 0.4 1.54 ± 0.55 ± 0.18
3500.0 5 ± 2 0 63.70 3.61 2.2 ± 1.0 ± 0.6 1.73 ± 0.39 ± 0.22
3550.7 24 ± 5 1 62.23 18.15 2.0 ± 0.4 ± 0.6 1.67 ± 0.17 ± 0.23
3600.2 14 ± 4 1 62.24 9.55 2.2 ± 0.6 ± 0.9 1.78 ± 0.25 ± 0.35
3650.0 36 ± 6 4 61.20 48.82 1.1 ± 0.2 ± 0.1 1.26 ± 0.11 ± 0.07
3671.0 6 ± 2 0 51.17 4.59 2.2 ± 0.9 ± 0.8 1.84 ± 0.37 ± 0.33

)2(GeV/cppM
2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

Cr
os

s 
se

ct
io

n 
(p

b)

1

10

210

BESIII
BaBar
BESII
FENICE
CLEO
E760
E835

(a)

)2(GeV/cppM
2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

Fo
rm

 fa
ct

or

-210

-110

BESIII
BaBar
BESII
FENICE
CLEO
E760
E835

(b)

FIG. 5. Comparison of (a) the Born cross section and (b) the effective FF |G| between this measurement and previous
experiments, shown on a logarithmic scale for invariant pp̄ masses from 2.20 to 3.70 GeV/c2.

D. Extraction of the electromagnetic |GE/GM |
ratio

The distribution of the proton polar angle θp depends
on the electric and magnetic FFs. The Eq. 4 can be
rewritten as:

F (cos θp) =Nnorm[1 + cos2 θp+

4m2
p

s
R2(1 − cos2 θp)],

(7)

where R = |GE/GM | is the ratio of electric to magnetic

FFs, and Nnorm = 2πα2βL
4s [1.94+5.04

m2
p

s R2]GM (s)2 is the
overall normalization factor. Both R and Nnorm (GM (s))
can be extracted directly by fitting the cos θp distribu-
tions with Eq. 7. The polar angular distributions cos θp

are shown in Fig. 6 for
√

s = 2232.4 and 2400.0 MeV, as
well as for a combined data sample with sub-data sam-
ples at

√
s = 3050.0, 3060.0 and 3080.0 MeV. The dis-

tributions are corrected with the detection efficiencies in

different cos θp bins which are evaluated by MC simu-
lation samples. The distributions are fitted with Eq. 7,
and the fit results are also shown in Fig. 6. The fit re-
sults as well as the corresponding qualities of fit, χ2/ndf ,
are summarized in Table IV. The corresponding ratios
R = |GE/GM | are shown in Fig. 7, and the results from
the previous experiments are also presented on the same
plot for comparison.

The systematic uncertainties of the |GE/GM | ratio and
|GM | measurements are mainly from background con-
tamination, the difference of detection efficiency between
data and MC, and the different fit range of cos θp. The
small background contamination as listed in Table II is
not considered in the nominal fit. An alternative fit with
background subtraction is performed, where the back-
ground contamination is estimated by the two-dimension
sideband method, and the differences are considered as
the systematic uncertainties related to background con-
tamination. In the fit, the detection efficiency is eval-
uated with the MC simulation. An alternative fit with

q [GeV/c]

|G
eff

|

D.X. Lin (HIM) Baryon Electromagnetic Form Factors at BESIII Sep. 25 - 30, 2016 14 / 21



Measurements of Baryon EM FFs at BESIII Proton FFs

Ratio of Proton FFs from Scan Data 2012

10

TABLE III. Summary of systematic uncertainties (in %) for the Born cross sections σBorn and the effective form factor |G|
measurements.

√
s (MeV) Trk. PID E/p Bkg. MC gen. Model Lum. Total (σBorn) Total (|G|)
2232.4 2.0 2.0 1.0 2.6 0.4 1.5 1.0 4.4 2.2
2400.0 2.0 2.0 1.0 2.0 1.8 4.5 1.0 6.1 3.1
2800.0 2.0 2.0 1.0 1.9 7.5 10.2 1.0 13.2 6.6
3050.0 2.0 2.0 1.0 2.2 0.9 4.0 1.0 5.6 2.8
3060.0 2.0 2.0 1.0 3.8 0.1 4.1 1.0 6.4 3.2
3080.0 2.0 2.0 1.0 0.0 0.1 4.3 1.0 5.3 2.7
3400.0 2.0 2.0 1.0 0.0 7.8 21.9 1.0 23.5 11.8
3500.0 2.0 2.0 1.0 20.0 7.0 12.9 1.0 25.0 12.5
3550.7 2.0 2.0 1.0 20.8 9.0 14.3 1.0 27.0 13.5
3600.2 2.0 2.0 1.0 35.7 4.3 11.6 1.0 37.9 18.9
3650.0 2.0 2.0 1.0 3.3 0.9 9.7 1.0 10.8 5.4
3671.0 2.0 2.0 1.0 33.3 0.7 13.3 1.0 36.0 18.0
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FIG. 6. Efficiency corrected distributions of cos θp and fit results for data at c.m. energies (a) 2232.4, (b) 2400.0 MeV and
(c) a combined sample with c.m. energy at 3050.0, 3060.0 and 3080.0 MeV. The dots with error bars represent data. The
solid line (black) represents the overall fit result. The dashed line (in blue) shows the contribution of the magnetic FF and the
dot-dashed line (in red) of the electric FF.

corrected detection efficiency which takes into account
the differences in tracking, PID and E/p selection effi-
ciency between data and MC is performed, and the re-
sults in differences are taken as the systematic uncer-
tainties. Fits with ranges [−0.8, 0.6] and [−0.7, 0.7] in
cos θp are performed, and the largest differences to the
nominal values are taken as the uncertainties. Table V
summarizes the related systematic uncertainties for the
|GE/GM | and |GM | measurements. The overall system-
atic uncertainties are obtained by summing all the three
systematic uncertainties in quadrature.

As a crosscheck, a different method, named method of
moments (MM) [35], is applied to extract the |GE/GM |
ratio, where the weighted factors in front of GE and GM

may be used to evaluate the electric or magnetic FF from
moments of the angular distribution directly. The ex-
pectation value, or moment, of cos2 θp, for a distribution
following Eq. 7 is given by:

〈
cos2 θp

〉
=

1

Nnorm

∫
2πα2βC

4s
cos2 θp[(1 + cos2 θp)|GM |2

+
4m2

p

s
(1 − cos2 θp)|R2|GM |2]d cos θp.

(8)

Calculating this within the interval [−0.8, −0.8] where
the acceptance is non-zero and smooth, gives for the ac-
ceptance correction:

R =

√
s

4m2
p

⟨cos2 θp⟩ − 0.243

0.108 − 0.648 ⟨cos2 θp⟩
, (9)

and the corresponding uncertainty:

σR =
0.0741

R(0.167 − ⟨cos2 θ⟩)2
s

4m2
p

σ⟨cos2 θp⟩, (10)

where σ⟨cos2 θp⟩ is given by

σ⟨cos2 θp⟩ =

√
1

N − 1

[
⟨cos4 θp⟩ − ⟨cos2 θp⟩2

]
. (11)

Extraction of the Ratio: dσ
dcosθ = Nnorm[(1 + cos2θ) + |R2

em|(1− cos2θ)]
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TABLE IV. Summary of the ratio of electric to magnetic FFs |GE/GM |, magnetic FF |GM | by fitting on the distribution of
cos θp and method of moments at different c.m. energies. For the method of fitting on cos θp, the statistical and systematic
uncertainties are quoted for |GE/GM | and |GM |, and the fitting quality χ2/n.d.o.f. is presented. Only statistical uncertainty
is shown for the method of moments.

√
s (MeV) |GE/GM | |GM | (×10−2) χ2/ndf

Fit on cos θp

2232.4 0.87 ± 0.24 ± 0.05 18.42 ± 5.09 ± 0.98 1.04

2400.0 0.91 ± 0.38 ± 0.12 11.30 ± 4.73 ± 1.53 0.74

(3050.0, 3080.0) 0.95 ± 0.45 ± 0.21 3.61 ± 1.71 ± 0.82 0.61

method of moments

2232.4 0.83 ± 0.24 18.60 ± 5.38 -
2400.0 0.85 ± 0.37 11.52 ± 5.01 -

(3050.0, 3080.0) 0.88 ± 0.46 3.34 ± 1.72 -
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FIG. 7. The measured ratio of electric to magnetic FFs |GE/GM | at different c.m. energy from BESIII (filled circles), BaBar
at SLAC (open crosses) and PS170 at LEAR/CERN (open circles).

In the analysis of experimental data,
〈
cos2 θp

〉
and〈

cos4 θp

〉
are the average of cos2 θp and cos4 θp which are

calculated taking the detection efficiency event-by-event
into account:

〈
cos2,4 θp

〉
= cos2,4 θp =

1

N

N∑

i=1

cos2,4 θpi/εi, (12)

where εi is the detection efficiency with the ith event’s
kinematics as estimated by the MC simulation.

The extracted |GE/GM | ratios and |GM | by MM at
different c.m. energies are also shown in Table IV, where
|GM | is calculated by Nnorm in Eq. 7 using the mea-
sured |GE/GM | ratio. The results are well consistent
with those extracted by fitting the distribution of polar
angle cos θp, and the statistical uncertainty is found to
be comparable between the two different methods due to
the same number of events.

IV. SUMMARY

Using data at 12 c.m. energies between 2232.4 MeV
and 3671.0 MeV collected with the BESIII detector, we
measure the Born cross sections of e+e− → pp̄ and ex-
tract the corresponding effective FF |G| under the as-
sumption |GE | = |GM |. The results are in good agree-
ment with previous experiments. The precision of the
Born cross section with

√
s ≤ 3.08 GeV is between

6.0% and 18.9% which is much improved comparing with
the best precision of previous results (between 9.4% and
26.9%) from BaBar experiment [12]; and the precision is
comparable with those of previous results at

√
s > 3.08

GeV. The |GE/GM | ratios and |GM | are extracted at the
c.m. energies

√
s = 2232.4 and 2400.0 MeV and a com-

bined data sample with c.m. energy of 3050.0, 3060.0 and
3080.0 MeV, with comparable uncertainties to previous

q [GeV/c]

|R
em
|
(|
G

E
|/
|G

M
|)
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TABLE IV. Summary of the ratio of electric to magnetic FFs |GE/GM |, magnetic FF |GM | by fitting on the distribution of
cos θp and method of moments at different c.m. energies. For the method of fitting on cos θp, the statistical and systematic
uncertainties are quoted for |GE/GM | and |GM |, and the fitting quality χ2/n.d.o.f. is presented. Only statistical uncertainty
is shown for the method of moments.

√
s (MeV) |GE/GM | |GM | (×10−2) χ2/ndf

Fit on cos θp

2232.4 0.87 ± 0.24 ± 0.05 18.42 ± 5.09 ± 0.98 1.04

2400.0 0.91 ± 0.38 ± 0.12 11.30 ± 4.73 ± 1.53 0.74

(3050.0, 3080.0) 0.95 ± 0.45 ± 0.21 3.61 ± 1.71 ± 0.82 0.61

method of moments

2232.4 0.83 ± 0.24 18.60 ± 5.38 -
2400.0 0.85 ± 0.37 11.52 ± 5.01 -

(3050.0, 3080.0) 0.88 ± 0.46 3.34 ± 1.72 -
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FIG. 7. The measured ratio of electric to magnetic FFs |GE/GM | at different c.m. energy from BESIII (filled circles), BaBar
at SLAC (open crosses) and PS170 at LEAR/CERN (open circles).

In the analysis of experimental data,
〈
cos2 θp

〉
and〈

cos4 θp

〉
are the average of cos2 θp and cos4 θp which are

calculated taking the detection efficiency event-by-event
into account:

〈
cos2,4 θp

〉
= cos2,4 θp =

1

N

N∑

i=1

cos2,4 θpi/εi, (12)

where εi is the detection efficiency with the ith event’s
kinematics as estimated by the MC simulation.

The extracted |GE/GM | ratios and |GM | by MM at
different c.m. energies are also shown in Table IV, where
|GM | is calculated by Nnorm in Eq. 7 using the mea-
sured |GE/GM | ratio. The results are well consistent
with those extracted by fitting the distribution of polar
angle cos θp, and the statistical uncertainty is found to
be comparable between the two different methods due to
the same number of events.

IV. SUMMARY

Using data at 12 c.m. energies between 2232.4 MeV
and 3671.0 MeV collected with the BESIII detector, we
measure the Born cross sections of e+e− → pp̄ and ex-
tract the corresponding effective FF |G| under the as-
sumption |GE | = |GM |. The results are in good agree-
ment with previous experiments. The precision of the
Born cross section with

√
s ≤ 3.08 GeV is between

6.0% and 18.9% which is much improved comparing with
the best precision of previous results (between 9.4% and
26.9%) from BaBar experiment [12]; and the precision is
comparable with those of previous results at

√
s > 3.08

GeV. The |GE/GM | ratios and |GM | are extracted at the
c.m. energies

√
s = 2232.4 and 2400.0 MeV and a com-

bined data sample with c.m. energy of 3050.0, 3060.0 and
3080.0 MeV, with comparable uncertainties to previous

â |GE | and |GM | extracted individually
â Precision between 11% and 28%
â Consistent with previous one at
same q-range
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Measurements of Baryon EM FFs at BESIII Proton FFs

ISR-Tagged Analysis for Proton
ISR-Tagged ppγ Event Selection

ISR Photon Angular Distribution from MC Simulation
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ã 7 data samples (≥ 3.773 GeV)
ã Total luminosity 7.4 fb−1

ã Event selction:
Two charged tracks from vertex
One high energy shower in EMC
Kinematic constraints applied

ã Background evaluation and subtraction
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Measurements of Baryon EM FFs at BESIII Proton FFs

Preliminary Results from ISR-Tagged Analysis
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ã Background subtraction and
efficiency correcting

ã Combine the seven data samples
ã The proton FFs extracted between

th. – 3.0 GeV
ã Systematic uncertainty included

δRem/Rem δGeff /Geff

stat. 16% - 34% 5% - 32%
syst. 4% - 8% 2% - 12%

LA: Large polar Angle of ISR photon
SA: Small polar Angle of ISR photon
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Measurements of Baryon EM FFs at BESIII Hyperon FFs

Lambda FFs from Scan Data 2012

Abstract1

Using data sets collected at 2.2324 GeV, 2.40 GeV, 2.80 GeV and 3.08 GeV with BESIII de-2

tector at BEPCII, the process e+e− → ΛΛ is studied. The Born cross sections and effective form3

factors are measured as listed below, where the first uncertainties are statistical, and the second4

are systematic. For the combined cross section, the uncertainty is the combined uncertainty of5

statistical and systematic.6

√
s GeV Reconstruction σBorn (pb) |G| (×10−2)

2.2324 Λ→ pπ−, Λ→ p̄π+ 325 ± 53 ± 46
Λ→ n̄π0 (3.0 ± 1.0 ± 0.4) × 102

combined 320 ± 58 63.4 ± 5.7
2.40 133 ± 20 ± 19 12.93 ± 0.97 ± 0.92
2.80 15.3 ± 5.4 ± 2.0 4.16 ± 0.73 ± 0.27
3.08 3.9 ± 1.1 ± 0.5 2.21 ± 0.31 ± 0.14

7

It is the first time that the process e+e− → ΛΛ is studied closed to ΛΛ production thresh-8

old, and the measured cross section is much larger than the phase space expectations, which9

suggests that something more is at play beyond the expected phase space behavior. The results10

at 2.40, 2.80 and 3.08 GeV is in agreement with previous results from BaBar, and improve the11

uncertainty significantly.12

6

summarized in Table I.393

Various sources of systematic uncertainties in the Born394

cross sections at
√

s =2.400, 2.800 and 3.080 GeV have395

been studied. The uncertainty from reconstruction of396

Λ(Λ̄) and mass window requirement are determined to be397

4.5% from the process J/ψ → pK−Λ+c.c. The unknown398

angular distribution of the Λ/Λ̄ introduces an additional399

uncertainty in the efficiency. This uncertainty is estimat-400

ed by taking half of the difference between the two ex-401

tremes (1+cos2 θ) and (1−cos2 θ) and is within the range402

10.8%∼12.7%, depending on c.m. energy. The uncertain-403

ty from the ISR correction factor is estimated by varying404

the input lineshape within its uncertainty, and is in range405

2.2%∼4.0% depending on c.m. energy. The uncertainty406

of integrated luminosity is 1.0%. The uncertainties are407

assumed uncorrelated and combined in quadrature, giv-408

ing in total of 13.0%∼14.0% for the Born cross section409

measurements at
√

s =2.400, 2.800 and 3.080 GeV.410

The comparison of the Born cross section of411

e+e− → ΛΛ̄ with previous experimental results is412

illustrated in Fig. 3, as well as the effective FFs. The413

obtained results are consistent with former experiments,414

but with improved precision. A phenomenological fit,415

according to the expectation that the cross section416

should be proportional to the velocity times a pQCD417

driven energy power [33], is also given in Fig. 3. The418

anomaly behavior from pQCD prediction at threshold is419

also observed.420

421
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FIG. 3. Comparison of (a) the Born cross section and (b)
effective FF in this analysis and previous experiments for ΛΛ̄
masses from 2.0 to 3.6 GeV/c2. The squares (red) represent
the results from this analysis, the dots (black) and triangles
(blue) are those from BaBar and DM2 results, respectively.
The solid line is a phenomenological fit according to pQCD
prediction, the dotted line indicates the threshold.

In summary, the Born cross section of the e+e− → ΛΛ̄422

process has been measured very close to threshold using423

a sample of 2.63 pb−1 at 2.2324 GeV. Two decay modes424

have been studied: Λ → pπ−/Λ̄ → p̄π+ and Λ̄ → n̄π0.425

The average cross section is 318 ± 47 ± 37 pb, which is426

significantly larger than the expectation assuming no427

Coulomb interaction between the produced hyperons.428

The Born cross sections of e+e− → ΛΛ̄ are also measured429

at 2.400, 2.800 and 3.080 GeV, and in good agreement430

with BaBar and DM2 experiments [10, 19], but with im-431

proved precision. Besides, the effective electromagnetic432

FFs of Λ are measured at each c.m. energy. The results433

in this analysis may help to understand the mechanism434

of baryon production near threshold.435
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Two channels for 2.2324 GeV:
Charged channel: Λ→ pπ+, Λ→pπ−

pion pairs and annihilation from p
Neutral channel: Λ→ nπ0, X
π0 reconstructed and n shower

Only charged channel for other data:
Full reconstruction for 4 tracks
Kinematic constraints applied

σ = 4πα2β
3q2 [1 + 1

2τ ]|Geff (q2)|2

ã Preliminary results for Λ
ã Non-zero behavior at threshold
ã Precision improved by 10%
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Measurements of Baryon EM FFs at BESIII Hyperon FFs

Measurement of e+e−→ Λ+
c Λ̄
−
c at BESIII

account. The significance including systematics is 8:2!.
We use Xð4630Þ to denote the observed structure.

As a cross check, we present in Fig. 3(b) the M!þ
c !

$
c

spectrum for the signal region for wrong-sign tags, i.e.,
requiring a presence of a proton in the event in addition to
the!þ

c "ISR combination. TheM!þ
c !

$
c
distribution from the

signal !þ
c window is in good agreement with the normal-

ized contributions from the !þ
c sidebands.

The eþe$ ! !þ
c !

$
c cross section is extracted from the

background-subtracted !þ
c !

$
c mass distribution following

the procedure described in Ref. [7], taking into account the
differential ISR luminosity and the efficiency function. The
resulting eþe$ ! !þ

c !
$
c exclusive cross section is shown

in Fig. 4 with statistical uncertainties only. Since the bin
width is much larger than resolution, no correction for
resolution is applied.

The peak cross section for the eþe$ ! !þ
c !

$
c process

at Ec:m: ¼ mXð4630Þ is calculated from the amplitude of the
RBW function in the fit to be !ðeþe$ ! Xð4630ÞÞ &
BðXð4630Þ ! !þ

c !
$
c Þ ¼ ½0:47þ0:11

$0:10ðstatÞþ0:05
$0:08ðsystÞ (

0:19ðsystÞ) nb. Here the first systematic uncertainty is
obtained by varying the fit range, histogram bin, parame-
terization of the background function, efficiency and the
possible interference between the resonance and non-
resonant contributions. The second one comes from
the uncertainties in Bð!þ

c ! pK$#þÞ ¼ ð5:0( 1:3Þ &
10$2 and Bð!$

c ! "pXÞ ¼ ð50( 16Þ & 10$2 [16].
Using !ðeþe$ ! Xð4630ÞÞ ¼ 12#=m2

Xð4630Þ & ð#ee=#totÞ
and the Xð4630Þ mass value obtained from the fit
we calculate #ee=#tot &BðXð4630Þ ! !þ

c !
$
c Þ ¼

½0:68þ0:16
$0:15ðstatÞþ0:07

$0:11ðsystÞ ( 0:28ðsystÞ) & 10$6.
The various contributions to the systematic errors for the

!ðeþe$ ! !þ
c !

$
c Þ measurements are summarized in

Table I. The systematic errors associated with the combi-
natorial background subtraction are estimated to be 3% due
to an uncertainty in the scaling factors for the sideband
subtractions. It is estimated using fits to the M!þ

c
distribu-

tion with different signal and background parameteriza-

tions. Reflections from the eþe$ ! !þ
c !

$
c #

0"isr and
eþe$ ! !þ

c !
$
c ##"isr processes are estimated conserva-

tively to be smaller than 6% of the signal. The uncertainty
due to a possible eþe$ ! !þ

c !
$
c #

0 contribution is found
to be 1%. The systematic error ascribed to the cross section
calculation includes a 1.5% error on the differential lumi-
nosity and 2% error due to the MC statistics. Another
source of systematic error comes from uncertainties in
track and photon reconstruction efficiencies (1% per track
and 1.5% per photon). Another contribution comes from
the uncertainty in the kaon and proton identification effi-
ciency. The systematic uncertainty due to the unknown
helicity angle distribution for the !þ

c !
$
c final state is

included. For the efficiency calculation, we use a flat
helicity distribution and consider the extreme cases
dN=d cos$* 1þ cos2$ and *sin2$ for the efficiency
uncertainty.
In summary, we report the first measurements of the

eþe$ ! !þ
c !

$
c exclusive cross section over the center-

of-mass energy range from the threshold to 5.4 GeV with
initial-state radiation. We observe a significant near-
threshold enhancement in the studied cross section. The
nature of this enhancement remains unclear. In many
processes including three-body B meson baryonic
decays, mass peaks are observed near-threshold [17].
However, the cross section for eþe$ ! ! "! measured
via ISR by BABAR [18] has a different pattern: it in-
creases sharply at threshold and then decreases gradually
without any peaklike structure. Assuming the observed
peak to be a resonance, its mass and width are found
to be M ¼ ½4634þ8

$7ðstatÞþ5
$8ðsystÞ) MeV=c2 and #tot ¼

½92þ40
$24ðstatÞþ10

$21ðsystÞ) MeV, respectively. These values
are consistent within errors with the mass and width of a
new 1$$ charmoniumlike state, the Yð4660Þ, that was
found in c ð2SÞ## decays via ISR [4]. Finally, we cannot
exclude the possibility that the observed enhancement is
the 53S1 charmonium state that is predicted around the
observed mass [19].
We thank the KEKB group for excellent operation of the

accelerator, the KEK cryogenics group for efficient sole-
noid operations, and the KEK computer group and the NII
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FIG. 4. The cross section for the exclusive process eþe$ !
!þ

c !
$
c .

TABLE I. Contributions to the systematic error on the cross
sections, [%].

Source !þ
c !

$
c

Background subtraction (7
Cross section calculation (3
Reconstruction (5
Identification (3
Angular distributions (4

Total (10
Bð!þ

c Þ (26
Bð!$

c ! "pXÞ (32

PRL 101, 172001 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

24 OCTOBER 2008

172001-5

BELLE ISR analysis
e+e− → Λ+

c Λ̄−c γ
L = 695 fb−1

PRL 101 (2008) 172001

∆
σ

st
a

t.

σ
>

30
%

Data samples collected closing to Λ+
c

threshold by BESIII in 2014
√
s (GeV) L (pb−1)
4.5745 47.67
4.580 8.545
4.590 8.162
4.5995 566.9

/
First measurement of FFs ratio for charmed hyperon:
very high statistical accuracy,

/
Cross section measurement at four energy points with
unprecedented statistical accuracy,

/
Line-shape study for the charmed hyperons pair
production closing to the threshold.
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Prospects and Summary

Prospects of the Baryon FFs at BESIII

Proton FFs:
Energy scan between 2.0 – 3.08 GeV.
High precision |GM | and |GE | (Rem) extraction individually.
More data at high energy resonances for both ISR tagged and
untagged analysis.

Neutron FFs:
Extract |GM | and |GE | (Rem) first time from energy scan.
ISR-tagged analysis for neutron effective FF from threshold.

Hyperon FFs:
Full determination of Λ FFs and polarization.
Other hyperon channels including Σ0, Σ±, Ξ0, Ξ− and Ω−.
Charmed hyperon Λ+

c at threshold.
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Prospects and Summary

Summary

Excellent laboratory for baryon form factors measurements at BESIII:
energy scan and initial state radiation.
Proton form factors have been extracted with a fraction of scan
data (2012).
Preliminary results on Proton form factors from ISR-tagged analysis
with the data at resonances (≥ 3.773 GeV).
Preliminary results on Λ with a fraction of scan data (2012) at
threshold.
The measurements of baryon form factor will be significantly
improved with the energy scan data from 2.0 GeV to 3.08 GeV
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