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Motivation and Introduction

The Proton Electromagnetic Form Factors

Internal structure and dynamics of the lightest baryon,

The Form Factors in Space-Like(SL) region or Time-Like(TL) region,

Γµ = F1(q2)γµ +
iκ

2mp
F2(q2)σµνqν

The differential cross section for one photon exchange,
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Motivation and Introduction

Data on Proton Time-Like Form Factor Ratio
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⇒ Only extraction of the ratio |GE|
|GM| ,

⇒ Inconsistency between BaBar
and PS170,

⇒ Maximum at 2 GeV/c2,
⇒ Extraction of an effective FF

based on assumptions,
⇒ 10%–24% statistics uncertainties.

Until to 2014

PRD 87, 092005(2013)
Nucl. Phys. B 411, 3 (1994)
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Motivation and Introduction

Beijing Spectrometer III (BESIII)

Exploring the inner structure of the nucleon  
H. Ahmadi, L. Capozza,  A. Dbeyssi, M. Deiseroth, B. Fröhlich, C. Haberkorn, D. Khaneft, 

P. Larin, D. Lin, F. Maas, M.C. Mora Espí, C. Morales Morales,

 O. Noll, D. Rodríguez Piñeiro, C. Rosner, R. Valente, M. Zambrana, I. Zimmermann

         @ BEPCII

Access to the electromagnetic structure of the nucleon

   

Forward Spectrometer 

 HIMster & Clover : High Performance Computing (HPC) @ HIM

  

  

   Large scale simulation studies and analysis of experimental data are 

performed on a dedicated HPC cluster: the HIMster, which is running since mid 

of 2011. 

The HIMster offers 2144 computing cores with 4.7 TBytes of memory and a 

storage space of 266 TBytes with high bandwidth (> 2 Gbyte/s) for 

simultaneous user access. Each node consists of i.a. 2 AMD CPUs, 8-core 

(running @ 2.3 GHz) with 32 GByte RAM (120 nodes) / 64 GByte RAM (14 

nodes).

        @ FAIR

p̄

   PANDA will be one of the major experiments at the future Facility for Antiproton and Ion Research 

located at the GSI Helmholtz-Zentrum für Schwerionenforschung (Darmstadt). PANDA 

Collaboration consists of more than 450 scientists from 17 countries, who aim to do basic 

research on the fields of weak and strong forces, exotic states of matter and the hadron structure.

Target Spectrometer 

A second HPC cluster for the computationally intensive applications in the 

field of lattice QCD is available:  the Clover,  which is running since Dec 2013. 

The Clover offers 5120 computing nodes with 10 TBytes of memory, 200 

TBytes of storage space.  Each node contains 2 Intel CPUs (8-core @ 2.6 

GHz) with 32 GByte RAM. As a front I/O system with data cabling in front of the 

racks the system allows maximized airflow through the rear door heat 

exchangers → maximized energy efficiency.                                                     

beam

 Fixed target experiment

High energy antiproton beam in the 

momentum range from 1.5 GeV/c 

up to 15 GeV/c

 High luminosity: 10³¹-10³² cm ² s ¹ ⁻ ⁻  

 Nearly 4π acceptance

 Good energy and momentum  

resolution

Start of data taking: 2019

Hydrogen Target

Cherenkov 
Detector

Straw Tube Tracker

Electromagnetic Calorimeter

    The electromagnetic form factors (FFs) G
M 

and G
E
 of the nucleon: 

●  provide fundamental information on the hadron structure and the internal 

dynamics.

●  Can be measured in the time-like and the space-like regions:

●  PANDA: Expected Signal to background ratio ~ 10⁻⁶ →  Large-scale, 

computationally intensive simulation studies needed

  Proton/Antiproton-to pion Transistion Distribution Amplitudes:

● Non-pertubative functions governing the transistion between two particles 

● Describe the pion cloud inside the proton/antiproton.
M

h 
: hard subprocess amplitude (can 

be described in pQCD) 

GE (q
2) ,GM (q2)

GE (q
2) ,GM (q2)

 Symmetric e e  Collider⁻ ⁺

Crossing angle 22 mrad

 Beam energy: 1.0 - 2.3 GeV 

High luminosity: 10³³ cm ² s ¹⁻ ⁻

Nearly 4π acceptance

Start of data taking: 2008

    More than 300 scientists (53 institutes) from 16 countries are involved in the BES-III Experiment. 

BES-III is located at the Beijing Electron Positron Collider II (BEPCII). The BEPCII has been in 

operation since 2008. One of the recent achievements was the discovery of an unpredicted 

particle.

BES-III Detector: 
Electromagnetic Calorimeter, Main Drift 
Chamber, Time Of Flight system, Muon 
Chamber

Work supported by the Bundesministerium für Bildung und Forschung, through the grant 05P12UMFP9

Designed Luminosity: 1033 cm−2s−1
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Motivation and Introduction

How to Measure the Form Factors at BESIII
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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

d(cos θ) = πα2βC
2q2 [|GM |2(1+cos2 θ)

d2σppγ

dq2dθγ
= 1

sW (s, x , θγ)σpp(q2)

+ 4m2
p

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

sin2 θγ
− 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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Motivation and Introduction

The Status of BESIII Data
Data samples for ISR method and energy scan.

Data
Sample Lint Energy Range (GeV) Notes
J/Ψ ∼0.45 fb−1 3.097
Ψ′ ∼0.8 fb−1 3.686
Ψ′′ 2.9 fb−1 3.773 p FFs

(tagged+untagged)
and n FFs

(tagged) with ISR,
HIM

Ψ(4040) 0.5 fb−1 4.009
Y(4260) 1.9 fb−1 4.23 and 4.26
Y(4360) 0.5 fb−1 4.36
Y(4420) 1.0 fb−1 4.42
Y(4600) 0.5 fb−1 4.60

Energy Scan

∼12 pb−1 2.23, 2.4, (3.05, 3.08) p+Λ FFs, USTC, Uppsala

0.8 fb−1 3.85 - 4.60 R Scan

525.5 pb−1 2.00 - 3.08
Bayrons FFs, HIM,
USTC and Uppsala

Total luminosity above Ψ′′: 7.408 fb−1.

Large background contamination
from resonance.

Difficult to analyze
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ISR-Tagged

The Analysis for Proton FFs with ISR Method at BESIII

Data samples: 3.773, 4.009, 4.23, 4.26, 4.36, 4.42 and 4.60 GeV,
Total luminosity: 7.408 fb−1,
Two analyses performed: ISR-Tagged (this talk) and ISR-Untagged,

ISR-Tagged: ISR photon detected in calorimeter,
ISR-Untagged: ISR photon escaped from the beam pipe,

ISR-Tagged Analysis: Event selection
Two charged tracks with oposite charge identified as proton,
one high energy neutral shower in calorimeter,
4-C kinematic fitting,
ppπ0 event veto.

Backgrounds Studies:
Inclusive (qq) MC events,
Exclusive background: ppπ0 events.
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ISR-Tagged

ISR Photon Angular Distribution from 4230 MC Simulation

h_isrcostheta
Entries           1e+07
Mean   -4.685e-05
RMS      0.95

γθcos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

410

510

610

h_isrcostheta
Entries           1e+07
Mean   -4.685e-05
RMS      0.95

 Angular Distribution
ISR

γ

Geometry Acceptance (| cos θ|)
MDC [0.0, 0.93)
EMC [0.0, 0.80)∪(0.86, 0.92)

pp pair 51%

ISR photon
Tagged Untagged
12% 41%
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ISR-Tagged

pp Invariant Mass Spectrum from 4230 MC Simulation

Entries  702630
Mean    2.197
RMS    0.3159

]2 [GeV/cinv
pp
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Mean    2.197
RMS    0.3159

√
s = 4.23 GeV
107 generated

PHOKHARA 9.1
e+e−→ppγ

including
NLO, FSR and VP

Recontructed
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ISR-Tagged

Expected Events from the ISR-Tagged Analysis

The physics events for each data sample
Data Lum. (pb−1) σ (pb) N phy

3773 2917.00 6.74 19660
4040 481.96 5.54 2668
4230 1047.34 4.71 4931
4260 825.67 4.62 3812
4360 539.84 4.32 2331
4420 1028.89 4.16 4276
4600 566.93 3.73 2113

The expected events (Reconstructed) for different mass interval
Mass Interval th. - 2.0 2.0 - 2.1 2.1 - 2.4 2.4 - 3.0
N exp

mass 683 572 875 388

Estimated Statistical Accuracy: ∼20%
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The Analysis is almost finished, and the publication will come soon!
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Energy Scan
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Energy Scan

The First Results of Proton FFs from R-Scan at BESIII

R-Scan data in 2012, limited lunimosity.
The First results of e+e−→pp from R-Scan
(PRD 91, 112004(2015)).
To extract the Ratio (Rem) at 2.23, 2.4 and (3.05, 3.08) GeV.

directly. The expectation value, or moment, of cos2 θp,
for a distribution following Eq. (7) is given by

hcos2θpi ¼
1

Nnorm

Z
2πα2βC

4s
cos2θp½ð1þ cos2θpÞjGMj2

þ 4m2
p

s
ð1 − cos2θpÞjR2jGMj2�d cos θp: ð8Þ

Calculating this within the interval ½−0.8; 0.8� where the
acceptance is nonzero and smooth, gives for the acceptance
correction

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s

4m2
p

hcos2θpi − 0.243

0.108 − 0.648hcos2θpi

s
; ð9Þ

and the corresponding uncertainty

σR ¼ 0.0741
Rð0.167 − hcos2θiÞ2

s
4m2

p
σhcos2θpi; ð10Þ

where σhcos2θpi is given by

σhcos2θpi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N − 1
½hcos4θpi − hcos2θpi2�

r
: ð11Þ

In the analysis of experimental data, hcos2θpi and
hcos4θpi are the average of cos2 θp and cos4 θp which

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

hcos2;4θpi ¼ cos2;4θp ¼ 1

N

XN
i¼1

cos2;4θpi=εi; ð12Þ

where εi is the detection efficiency with the ith event’s
kinematics as estimated by the MC simulation.
The extracted jGE=GMj ratios and jGMj by MM at

different c.m. energies are also shown in Table IV, where
jGMj is calculated by Nnorm in Eq. (7) using the measured
jGE=GMj ratio. The results are well consistent with those
extracted by fitting the distribution of the 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
measured the Born cross sections of eþe− → pp̄ and
extracted the corresponding effective FF jGj under the
assumption jGEj ¼ jGMj. The results are in good agree-
ment with previous experiments. The precision of the
Born cross section with

ffiffiffi
s

p
≤ 3.08 GeV is between 6.0%

and 18.9% which is much improved compared with the
best precision of previous results (between 9.4% and
26.9%) from the BABAR experiment [15], and the
precision is comparable with those of previous results
at

ffiffiffi
s

p
> 3.08 GeV. The jGE=GMj ratios and jGMj were

extracted at the c.m. energies
ffiffiffi
s

p ¼ 2232.4 and
2400.0 MeV and with a combined data sample with
c.m. energy of 3050.0, 3060.0 and 3080.0 MeV, with
comparable uncertainties to previous experiments. The
measured jGE=GMj ratios are close to unity which are
consistent with those of the BABAR experiment in the
same q2 region. At present, the precision of the jGE=GMj
ratio is dominated by statistics. An MC simulation study
shows that the precision can achieve 10% or 3.0% if we
have a factor of 5 or 50 times higher integrated
luminosity. In the near future, a new scan at BEPCII
with c.m. energy ranging between 2.0 GeV and 3.1 GeV
is foreseen to improve the precision of the measurement
of the jGE=GMj ratio in a wide range.

TABLE V. Summary of systematic uncertainties (in %) in the jGE=GMj ratio and jGMj measurements.

Source jGE=GMj jGMjffiffiffi
s

p
(MeV) 2232.4 2400.0 (3050.0,3080.0) 2232.4 2400.0 (3050.0,3080.0)

Background contamination 1.1 7.7 3.2 1.4 7.7 3.2
Detection efficiency 2.3 1.1 4.2 2.3 1.1 4.2
Fit range 4.6 11.0 22.1 4.6 11.0 22.1
Total 5.3 13.5 22.7 5.3 13.5 22.7
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FIG. 7 (color online). The measured ratio of electric to
magnetic FFs jGE=GMj at different c.m. energies from BESIII
(filled circles), BABAR at SLAC (open crosses) and PS170 at
LEAR/CERN (open circles).

MEASUREMENT OF THE PROTON FORM FACTOR BY … PHYSICAL REVIEW D 91, 112004 (2015)

112004-11

Ratio of Proton FFs

considering here, the Coulomb correction factor can be
safely assumed to be 1. Furthermore, under the assumption
of the effective FF jGj ¼ jGEj ¼ jGMj and by integrating
over θp, it can be deduced that

jGj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σBorn

86.83 · βs ð1þ
2m2

p

s Þ

s
; ð5Þ

where σBorn is in nb and mp, s are in GeV.
Experimentally, the Born cross section of eþe− → pp̄ is

calculated by

σBorn ¼
Nobs − Nbkg

L · ε · ð1þ δÞ ; ð6Þ

where Nobs is the observed number of candidate events,
extracted by counting the number of signal events, Nbkg is
the expected number of background events estimated by
MC simulations, L is the integrated luminosity estimated
with large-angle Bhabha events, ε is the detection effi-
ciency determined from a MC sample generated using the

CONEXC generator [30], which includes radiative correc-
tions (which will be discussed in detail in the next para-
graph), and ð1þ δÞ is the radiative correction factor which
has also been determined using the CONEXC generator. The
derived Born cross section σBorn, the effective FF jGj, as
well as the related variables used to calculate σBorn are
shown in Table II at different c.m. energies. In the table, the
product value ε0 ¼ ε × ð1þ δÞ is presented to account for
the effective efficiency. Comparisons of σBorn and jGj to the
previous experimental measurements are shown in Fig. 5.
Compared to the BABAR results [15], the precision of the
Born cross section is improved by 30% for data sets withffiffiffi
s

p
≤ 3080.0 MeV, and the corresponding precision of

effective FF is improved, too.
From Eq. (4), it is obvious that the detection efficiency

depends on the ratio of the electric and magnetic FFs,
jGE=GMj, due to the different polar angle θp distributions.
In this analysis, the detection efficiency is evaluated with
the MC samples. The ratio of jGE=GMj is measured for data
samples at c.m. energies

ffiffiffi
s

p ¼ 2232.4 and 2400.0 MeV,
and for a combined data with subdata samples atffiffiffi
s

p ¼ 3050.0, 3060.0, and 3080.0MeV, which have similar

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

ffiffiffi
s

p
, where Nobs is the number of candidate events, Nbkg is the estimated background yield,

ε0 ¼ ε × ð1þ δÞ is the product of the detection efficiency ε and the radiative correction factor ð1þ δÞ, and L is the integrated luminosity.
The first errors are statistical, and the second systematic.ffiffiffi
s

p
(MeV) Nobs Nbkg ε0 (%) L (pb−1) σBorn (pb) jGj ð×10−2Þ

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

M. ABLIKIM et al. PHYSICAL REVIEW D 91, 112004 (2015)

112004-8

The Proton Effective FF
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Energy Scan

Energy Scan from 2.0 - 3.08 GeV at BESIII (Proposal)

Time-Like (from proposal) Space-Like
Mpp L (pb−1) δGE

GE

δGM
GM

δRem
Rem

√
−q2 δRem

Rem

2.00 8.95 9.0% 3.0% 9.2% 1.99 10.8%
2.10 10.8 10.0% 3.0% 10.0%
2.20 13.0 11.0% 3.0% 9.5% 2.18 13.9%

2.3084 20.0 10.0% 3.0% 9.7% 2.27 14.9%
2.3950 35.0 9.0% 3.0% 8.8% 2.35 31.9%
2.644 65.0 16.0% 5.0% 14.6% 2.59 32.1%

2.9 100.0 25.0% 6.0% 24.0% 2.91 129.7%
3.08 150.0 35.0% 8.5% 35.0%

Proposal studies with Babayaga (modification) Simulation,
The relative error for the last point, 3.08 GeV, is estimated based on
the simulation of 2.9 GeV,
To combine the last three energy points, 19% accuracy for Rem and
GE , and 6% accuracy for GM would be achieved.
NEW: accuracy in time-like region similar as for space-like.
Data taking was finished on May 2015.
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Energy Scan

Expected Accuracy of the Ratio ( |GE |
|GM |) from Energy Scan
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BESIII energy scan 2-3 GeV proposal

 data(stat)-1BABAR 469 fb
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BESIII energy scan 2-3 GeV proposal

 data(stat)-1BABAR 469 fb

* The last point in the plots is a combination of the
energy points 2.644, 2.9 and 3.1 GeV.

The Status of Energy Scan
Energy range: 2.0 - 3.08 GeV
Data points: 21
Online Lumi.: 525 pb−1

Green points are MC Simulation
for energy scan proposal study.
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Conclusions

Conclusions and Outlook

Two methods to measure proton EM FFs at BESIII.

ISR analyses (tagged and untagged) above 3.773 GeV are ongoing,
and the results are expected very soon.
The expected accuracy of Rem will be comparable with BaBar from
ISR analysis.

The first results of proton FFs from R-Scan was published in 2015.

The Energy Scan (2.0 - 3.08 GeV) data was collected in 2015.
Data analysis for proton FFs with Energy Scan is ongoing.
It will be the first time to measure the Rem, |GE | and |GM | in a wide
energy range in very narrow q2-bins.
An accuracy between 9% - 15% can be achieved for the ratio (Rem)
with Energy Scan data.
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Conclusions

Thank You for Your Attention!
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