Suplemento de la Revista Mexicana dsi€a3 0308083 (2022) 1-4

Recent results on nucleon electromagnetic form factors at BESIII
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We report recent results of nucleon electromagnetic form factors at the BESIII experiment. The BESIII detector is installed at the BEPCII
electron-positron collider in Beijing (PRC) with a center-of-mass energy range between between 2.0 and 4.9 GeV. The nucleon electromag-
netic form factors has been measured in BESIII both via d#€et” annihilation and initial-state-radiation technique.
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Electromagnetic form factors (FFs) provide information onAs an example, proton FFs can be measured in different
the internal structure and dynamics of hadrons, describinginematic regions by lepton-proton elastic scattering (space-
the modifications of the point-like photon-hadron vertex duelike, SL) and electron-positron annihilation into a proton-
to the hadron structure and allow a better understanding adntiproton pair or proton-antiproton annihilation into an

the strong interaction. electron-positron (time-like,TL). They bring different and
Their number is related to the spin of the hadron of spincomplementary pieces of information. The FFs are analytic
S as (25+1). functions of the momentum transfer squargdand they are

Therefore, for the direct annihilation process in two nu-real in the space-like region{ < 0) and complex in the
cleons in one photon exchange approximation, two FFs aréme-like region ¢* > 0), above the production threshold,
needed to describe the hadronic vertex, shown in Fig. 1, as due to the unitarity. The analytic structure of the TL FFs is

connected by dispersion relations to the SL regime. Measure-
Fa(q?), Q) ments in different kinematical regions allow rigorous test of
2m perturbative QCD and phenomenological models. Up to now
the knowledge of the TL proton FF is rather limited with re-
ﬁpect to the SL sector, where a percent level precision was
%chieved [1].
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whereF; and F; are the so-called Dirac and Pauli FFs and
m is the mass of the corresponding nucleon. FFs, in the Bre

system, represent the Fourier transforms of electric charg Indeed, in one-photon exchange approximation, the Born

and magnetization spatial distributions of nucleons. . ; I _
- . : .__differential cross section in the"e~ ¢.m. and the total cross
The Sachs parametrization, in which the FFs are linear

combinations off; andFy, is widely used, written as section can be written, parameterized by both the FFs, as
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wherefp is the polar angle of the baryom, = ¢2/4m?,
8 = 1—1/7 and the Coulomb facto€ accounts for the
electromagnetic interactions of point-like baryons, crucial at
threshold, and is equal to 1 for neutral baryon pairs [2].

In the past, due to the low statistics, only the so-called
effective FFG. s, could be determined, written as:

- |GE|2 +2T|G1\4|2
|Gersl —\/ T2 : )

3 B It can be determined from the total cross section, under the as-
FIGURE 1. Lowest-order Feynman diagram for the annihilation sumptionGg| = |G| = |Gesy|, thatis implied by analitic-
procesete” — BB. ity at threshold.
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Concerning the_ Initial State Ra_dlatlon_ (ISR) te_chnlque, 12005 : o BESI LAISRS
the total cross section can be factorized, disentangling the re- 5 f 14| ¢ BESWz200
action of interest from the radiator functio#i (z, s), which 1000 i t@tﬂ% - BESIII (SAISR)
gives the probability of emission of a hard photon and de- & 2 | | | o BESWm2015
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This method allows to scan largé intervals with fixed e RESI Srdai)
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compensated by the high luminosity of the machines. 0.3:%4 . E83§

Moreover, with both methods, the ratio of the electricand  __ o.25}-4%k Be 170
magnetic FFsR.., = |Gg /G|, is experimentally accessi- (D% L E760
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i.e. the electric]G | and the magneti . - : e

{Gel gnetigea| 0.05F ftﬂﬁmﬁ
E il S TR P
¢} ST EOTY WO I (=T '
1. BESII 4 6 8 10 12 14 16
b) Q’[(GeVicY]

The BESIII spectrometer is installed at the high luminaosity,

multi-bunch BEPCII electron-positron collider. The design S ) o
luminosity of1033¢m—2s~1 was reached in 2016 at a center- FIGURE 2. Latest BESIII results (red points) including statistical
of-mass energy of 3.78 GeV. and systematic uncertainties for the Born cross section on the top

It covers 93% of full solid angle. Details of each sub- (2) while on the bottom (b) thit. s, | with a fit through the data

. . . blue dashed line) with previously published measurements (refer-
detector and their performance, together with the trigger sys( ) P yp (

. ; ences in [4]).
tem, are discussed in Ref. [3].

The BESIII detector has been operating since 2009, col- . .
lecting unique data samples. Its main components are: Iaarﬁe AnIgIe—ISIl? (LfA'hISR) or thagged, in which angle refers
Multi-layer Drift Chamber (MDC), a Time-of-Flight (TOF) © the polar angle of the ISR photon.
system, an ElectromMagnetic Calorimeter (EMC) and a The untagged ISR analysis [5] exploitSe™ — ppy
Muon Counter (MUC). A superconducting solenoid magnetevents in which the ISR photons cannot be detected by the
provides 1.0 T magnetic field. The experiment has receive@MC with a statistics increased by a factor 3 compared to the
several upgrades, and new upgrades for both the detector at&pjged analysis. These two independent analyses are based
accelerator are foreseen. on the same collected data sets but with complementary sam-

In BESIII, with electron-positron annihilation, both en- ples. A integrated luminosity of 7.5 fb! between/s =
ergy scan and the ISR techniques can be applied to measude/73 and 4.6 GeV was used. By tagged ISR measurement
time-like FFs. [6] the Born cross section and the effective FF of the pro-
ton are measured from the production threshold to 3.0 GeV.
Although the signal/background separation is more compli-
cated, using the information of just two detected particles,

BESIII obtained results from four different analyses. The last!iS method represents the only way to reach the threshold,

scan-method analysis [4] accounts for all the available higP{Vith a valuable harvest. Indeed, this region presents a special
statistics data set betwegss = 2.2 and 3.08 GeV with 22 interest because of its peculiar features not yet understood.

energy points, corresponding to a total integrated luminosity In Fig. 2, the experimental measurements of the Born

of 669 pbo!. cross sectiowp a) and effective FF+. ¢y b) can be found
Two analyses used ISR technique with two different ap-as a function of the momentum transfer squared for all BE-

proaches, called Small Angle-ISR (SA-ISR) or untagged andlll analyses and the other measurement available in litera-

2. Recent results on Proton FFs
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2.5 comparable precision to the scattering region and helps go-
C e BESIII (LAISR) ) " . . L
C  BABAR BESIII 2015 ing towards a unified view of the scattering and annihilation
o PS170 BESIII (SAIISR) regions.
- v CMD-3 BESIII 2020
150 3. Recent results on Neutron FFs
£ p—
o i [ { The high integrated luminosity collected with BESIII be-
1E e R R tween/s= 2.0 and 3.08 GeV, represents a unique oppor-
B T tunity for a precise measurement of the neutron FFs in the
L process~ et — nn. Because of the difficulties in the (anti-
0.5 )neutron detection, only a few measurements were available,
L obtained by the three experiments: FENICE [10], DM2 [11]
o] A P I EUIITN B S P S| and SND [12]. Indeed these challenging measurements have
4 3 6 7 8 9 10 been awaited since long time. In the meanwhile this allows
q? [(GeVicY] both the comparison with proton FF measurements and be-
FIGURE 3. Tagged ISR BESIII Results (red points) ﬂd{em| asa tween available data in Space-Like and Time-Like regions.
function of the momentum transfer squargd, together with the In our analysis [13] three statistically independent event
results from previous experiments. categories are used to maximize the reconstruction efficiency

of the nn final state, depending on the interaction of the
ture. The wider momentum transfer range can be appreciatg@nti-)neutrons with the detector. Neutron/anti-neutron can-
in comparison with the previous ones. We confirm previousdidates are selected using informations from EMC and/or
measurements with the two-three step behavior in the cross
section, most likely due to final state interactions. In partic- 7 -
ular, it is important to notice that the behavior at threshold, F : Bi;;ltl‘laan
shown in the insight of Fig. 2a) and measured by BaBar with i FENICE (1998)
lower uncertainties, is confirmed even if our LA-ISR mea- 10° £ A 2:8 SSE}
surements seem to be systematically lower. The effective FF g :i“‘“* _
distribution show a steep behavior at threshold as confirmed - b s .
by our LA-ISR analysis, that can reach the threshold, as can 1Pk i '+’+i _ g
be appreciated in Fig. 2b). It is well described by a modified E | 1
dipole function shown as a blue dashed line, phenomenolog- N
ically motivated [7]. More details will be found in the next 1ok i
section. However, oscillating structures are clearly seen when E. i Hﬂ'
the residuals are plotted as a function of the relative momen- =8  li
tum p of the final proton and antiproton. 18 2 A 28 28 3

From the analysis of the proton-helicity angular distribu- Is (GeV)
tion, the ratio of electric and magnetiR,,,|) FFs of the
proton is determined. Close to the threshold, the observed 0.7 —— _
ratio is compatible with unity within the uncertainties. These : . 35?;”('1991}
BESIII measurements confirm an enhancementf,,| in 06~ ! FENICE (1398)
the region below 2.2 Ge¥? previously observed by BaBar i g“g (2014)
and differs from the behavior reported by PS170, not ob- “f i + SR
tained inet e~ annihilation though. This shed light towards ~_ o4f- |
the solution of the long-standing significant discrepancy. The © E i
available full proton angular distribution allows to reach bet- SE i) -
ter precision of the ratio of FFs. o2f | éi-,i T
"

og (pb)
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The dotted line represents pQCD asymptotic prediction | b
and nucleon final state interactions can account for deviations 01
for ¢> <5 Ge\2. Moreover, BESIIl was able, thanks to its E . “ooe , -
high statistics, to measure, for the first tim@x| and |G| 1.8 2 22 24 28 28 3
independently. Is (GeV)

Furthermore it obtained the most precise results@ir| £ igyre 4. Results for the Born cross section (top) and the cor-
and|Rp | with a relative precision of of 1.8% - 3.6% and yegponding FRG. ;| (bottom) for thee e — ni for BESIII
3.5% - 96%, respectively. The scan-method analysis allowgpjack solid circles) and FENICE [10], DM2 [11], and SND [12]
the measurement over a wigé range, that is an important experiments. The red dashed line indicates the production thresh-
achievement. BESIII results bring new information with a old.
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0.08 - RSl ] tainties, starting to be competitive with SL ones. They agree
u L ] with SND and FENICE at 2.0 GeV, but above 2.0 GeV they
0.06+— BaBar: ppy __ (2013) — .
L Simultaneollj): Fit: Proton are SyStematlca”y lower.

004 ST After the subtraction of the dipole-like function [7], the
o . // \ 1 reduced FF can be described by the following function,
20.02 Ep M i - _

O] I I ALl }JTH 1 Gose(p) = A exp(—Bp) cos(C - p+ D) @)
] \+ . ] wherep is the relative momentum of the nucleon pairthe
-0.02 il 7 normalization,B the inverse oscillation damping; the mo-
0.0 H B mentum frequency, an® the phase. A fit to the proton and
: T R . T neutron data can simultaneously describe the oscillation with
2 22 24 26 28 3 a phase shift of125 + 12)°, as shown in Fig. 5. This is
\/g [GeV] most likely sign of a more complex dynamic effect, which

still needs clarification, like interference effects in final state

re-scattering [8] or presence of resonances in the data [9].
Moreover the preliminary BESIII results fdt,| can

be compared to the results from FENICE, extracted from the

Born cross section using the hypothegis;| = 0. They are

TOF only, because no Hadronic Calorimeter is available. Théignificantly larger compared to BESIII.

signal yield is obtained after subtracting the residual back-

ground beam-related or caused by cosmic ray, multi-hadronig.  Conclusions

and di-gamma processes. The results from the three cate-

gories are consistent with each other and were combined tdhe BESIII experiment is ideal to measure the nucleon FFs

FIGURE 5. The reduced FIE . of the nucleon, as defined in the
text, is shown as a function of the relative momentum of the nu-
cleon pair for BESIII data for neutron (black circles) and BaBar
data for proton (blue triangles) [14] with the simultaneous fit.

reduce the statistical uncertainty.

in the time-like region. With the large data sets collected,

The cross section of the process is measured at 18 c.rthe precision of the effective FFs of the proton and the neu-

energies, obtaining the best precision of 8.1%/at=2.396

tron is increased with respect to previous experiments. The

GeV. Then the effective FFs are extracted under the assumpaagnetic and electric FFs of the proton are measured inde-

tion |Gg| = |G| with an improvement of the statistical

pendently for the first time anR..,,,| is measured with im-

precision improved by more than a factor of 60 over previougproved precision. An oscillating behavior of the effective FF
measurements from the FENICE and DM2 experiments. Thé observed both for neutron and proton. Larger samples, that
results are shown in Fig. 4. Here it is evident the importancdBESIII is collecting, will improve the precision of these mea-
of our measurements for its wide range and very low uncersurements.
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