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Baryon Electromagnetic Form Factors (EMFFs)

U Hadrons are not point-like particles
O EM FFs explore the internal structure and dynamics of baryon

o Electromagnetic vertex of nucleon:

M = yRFY (q7) + =5 - "q

Fz (qz)

o Sachs FFs: combination
of Dirac and Pauli FFs

SL: Elastic Scattering Process
(q* < 0)
e N—= e N
TL: Annihilation Process
(g* > 0)
ete” < NN

F, and F, are the Dirac and Pauli FFs

GE(CIZ) =Fi(q

(g, G6u(q*) = F1(¢*) + F,(¢%

Space-like (SL) FFs Real

Time-like (TL) FFs Complex
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At low g?: EMFFs are related to charge and magnetization distribution inside the baryon
At high g%: EMFFs improve our understanding of QCD and test its scaling
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Experimental Access to the EMFFs of the Baryon in the TL Region

Direct Annihilation Initial State Radiation

Y (q)

Investigation Methods used at BESIII

Direct Scan Initial State Radiation
Epeam Discrete Fixed

Lint Low Integrated Luminosity High Integrated Luminosity

o doyy ma’BC 4m2 donNy  _ 1 _ _ 2
dcos = 2q€ [1GuI?(1 + cos? 6) + qu |G|? sin® 0] datacoss, = 5 W(s:% 8y )onmy(s) (wheres = g%)
c="¢_1 _forcharged baryons, 1 for neutral pairs | W(s,x,6y) = 1(2 —2x - A - ﬁ) , (% ~ — supression)

=73 1—exp(CD) g yons, p Y/ nx sin2 @, 2 T 400
q® Single at each Epeqm » 4 = 4EZoqm Continuous (from threshold Mz 5 t0 4EZ.qm)

O For Low Statistics: Angular distribution (8) is not available, |Geff| is the combination of the Gg and Gy
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BGS]]I BEPC-II Collider

World's by far largest t-charm . i T
in e e annihilati o
dataset in e "¢ annihilation: eying Klectron Positron Collider I1 ( ) B

BEijing Spectrometer III (BESIII)
.’ ﬂ»_)z ) : N - 3 ) . R, 4

v Symmetric e"e” collider
" Located at IHEP Beijing, China

* CMSenergy: 2 GeV to HGeV

15 countries
75 institutions
~ 500 members

8/15/2022 Baryon Form Factos at BESIII 5



RPC: 9

BGSI[[ Beijing Electron Spectrometer Il (BESIII)
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The BESIII Data Set

O BESIII Physics Program
= Charm physics,

, Charmonium spectroscopy, ...,
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Form factors measurement

Baryon FFs
from energy scan data
e*e” - BB
(2.0 - 3.8) GeV (Ly4tq ~669 pb1)

Proton FFs
from resonance data
ete” > ypp
above ¥ (3770) (Lygtq ~7.5 tb1)




BESI

Status: Proton EM Form Factors

(D‘P gz!iIPSI
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Proton EMFFs Measured with BESIII Data

** Three different analyses to analyze proton EMFFs at BESIII

QA Direct process ete™ — pp (energy-scan technique)

= Data sets 2.000 - 3.080 GeV (669 pb1)

= Large statistics, the most precise measurement for the proton TL EMFFs
= Relative better uncertainty of the ratio of EMFFs (or individual FFs)

= Difficult to access the pp threshold

QISR process ete™ — ppy;sr (ISR technique)
= Data sets 3.773 - 4.600 GeV (7.5 fb1)
» Two independent analyses: y-tagged Large Angle (LA) and y-untagged small Angle (SA) ISR
ISR Tagged (LA):

o Low statistics due to the suppression factor of = ~ L

T 400
o Only way to access the pp threshold at e*e~collider experiment

o Full proton angular distribution, better precision of the ratio R,,,, = |Gg|/|Gy| of EMFFs

ISR Untagged (SA):

o Ptrot_dt%_ction threshold region is not accessible (limited detector acceptance), but higher
statistics

o Large pp invariant mass range from 2.0 to 3.8 GeV/c?
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Proton: Born Cross Section of e"e™ — ppand |G

€

Direct process with Scan Data:

= /s =2.232 - 3.671 GeV, 157 pbl, PRD 91 (2015), 112004
= /s = 2.000 - 3.080 GeV, 669 pb, PRL 124 (2020), 042001

= Most precise measurement, i.e. at /s = 2.125 GeV,

SUStat'

~0.45%

J

8/15/2022

Baryon Form Factos at BESIII

\_

= Tagged—LA-ISR: \/q? = 1.876 - 3.000 GeV/c?,

PLB 817 (2021), 136328

Untagged—SA-ISR: /¢ = 2.000 - 3.800 GeV/c?,
PRD 99 (2019), 092002

el ¢ BESIII (LA-ISR) 0.4 e BESIII (LAJISR) + BESIII 2020
ok t + BESIII 2020 BESIII (SA-ISR)
ot BESIII (SA-ISR) 0.35} BESIII 2015
: o [ | _BESIi 2015 _ x BABAR
wanf ] ¥ A BABAR 0.3 + E835
\ e N | ; Fenice
T ot . 0.25 PS170
g 5 E760
- = BES > DM2
- v CLEO 0.15 ‘ = BES
— / ADONE73 % T v CLEO
B v CMD-3 0.1 M#] l A ADONE73
— So: 3.0-12.0% 0.05 T Wﬁ‘ 0|Gegr|: 1.7-11.8%
: L i = gty sl 0| P T T R R :: -|- L -:-F;-‘-T—-_:ll I. L |-I
7 8 9 10 11 6 8 10 12 14 16
2 2
9?[(GeV/cY] PLB 817 (2021) 136328 q’[(GeVicy]
N /"0 ISR process e*e™ > pp(¥isr) N

J
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Oscillation Structure of Effective FFs

O Periodic behavior in F, observed by BaBar experiment, confirmed by BESIII experiment

O Oscillating behavior observed in reduced form factor F, as function of relative momentum p between
proton and antiproton

O The oscillations can be extracted from the |G.s¢|as F), = |G, | — G pod

Modified dipole function that reproduce the EFFs behavior - PLB 817 (2021), 136328 :
Bnod _ : 2A — q§:0.71 (GeV}c)z 0.06— e BESIII (LA-ISR) ¢ BESIII 2020
1+q*/mp1 —-q°/qg> ~ o BESIII (SAFISR) 4 BABAR
!LPhys. Lett. B 504, 291 (2001) | 0.04 f“"‘
0.02- 3. TEL 14
O Possible Explanations (discussion ongoing) - I I T + :t: %
* Interference effects from final state re-scattering at Thy O A t . :H-;# LT s it
moderate kinetic energies*? i T L % -}43
« Resonant structure in data (¢p(1020),A(1232), ..)**? 0.02- :
-0.04
B __ AOSC ___posc 0SC 0sC
0,06 Fp=A""exp(—B™>"p)cos(C™"p+ D)

*Phys.Rev.C 103 (2021) 3, 035203, PRL 114 (2015) 232301

05 1 15 2 25 3 35
p [GeV/c]

Om

** Phys.Rev.D 92 (2015) 3, 034018
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Ratio of Proton EMFFs and Individual EM FFs
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C A BABAR BESIII 2015 = |Gg| and |G, | measured for the first time in the TL region
- PS170 BESIII (SA-ISR)
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BESI

Status: Neutron EM Form Factors

0 Why is so important to study the process?
v Only few data available (inconsistencies/R,,, > 1 for FENICE)

v' Comparison with proton FF
v' Comparison time-like region«< space-like region

e'(k,) N(p,) (I) p H I p s I

2022
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BGS]]I Neutron: Measurement of EMFFs

Q Study of the process ete™ — nn
= Data set collected between 2.000 and 3.080 GeV at 18 different

center of mass energies, (647.9 pb1)

= Very challenging reconstruction of pure neutral channel without
hadronic calorimeter at BESIII

= Only EMC and/or TOF information

» Sophisticated background suppression

L Maximize the reconstruction efficiency and produce
statistically independent samples

Spectrometer signals:
* Category A: (EMC + TOF), .. + (TOF),
* Category B: (EMC + TOF), .. + (EMC),

* Category C: (EMC),par + (EMC),

®  PHIPSI

—Most energetic shower in EMC associated with anti-neutron 202
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BGS]]I Born Cross Section of e'e™ - nn

10°

z e BESIII 3 e  BESII
- = DM2 (1991) . 10 FENICE: Nucl. Phys. B, 517, 3 (1998) .
- v FENICE (1998) -+ E sreneeseen Prediction: Phys. Rept. 112, 173 (1984) =
3 | 4 l SND (2014) Bl N Prediction: Phys Rept. 550-551 (2015) 5
10° & i} i + SND (2019) = - [ . E
il | Y 1
—~ B t 4’§+ X E
r L i T 5 E
=2 o ©
o 10° & $59 ¢ = nooqf i
» - & e F ¢ :
¥ t o B ¢ . . 5
- é . - * } *.
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/s (GeV) | Nature Phys. 17, 1200-1204 (2021) | /s (GeV)

Agree with FENICE and SND at 2.0 GeV
Systematically lower above 2.0 GeV, differ by 2o with FENICE around 2.4 GeV
E > 2.4GeV (R,, ~ 1 as isospin symmetry prediction)

2
E <2.4GeV (R, ~ |Z—d ~ 0.25 as quark charges model)

0 EM Interaction?
—photon-proton stronger than the corresponding photon-neutron interaction (I) |I|-| | pS|

2022
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BGS]]I Neutron Effective FFs and Oscillation Structure

0.7 — - 0.08

co . 353”1991 . C e BESII:nA ]

061 ¢ T PEMicE {13;93) E 0.06 |- BaBar: ppy,g, (2013)

C i SND (2014) . - - Simultaneous Fit: Proton

0-5 - l + SND(2019) B 0.04 - / T — — Simultaneous Fit: Neutron—

C ] - Il ]

5 4! E 3002} [\ T i o
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R 2 ] ; ]“ I |

0.2 4 §
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|G| effective FF is measured over a wide range with
unprecedented precision

= QOscillation structure is observed - Fit G,z simultaneously
with common momentum frequency C, a relative phase
difference of AD =

8/15/2022

Dy

— Dp| = (123 £ 12)°

O Fit to the deviation of the effective FF
|G| of the nucleon from the dipole law

Gosc(q”) = |G|

— GD’

Ay
Gp(q') = -

q
(1- 0.71 (GeV?) )
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8/15/2022

Status: Hyperon EMFFs at BESIII

—Further insight into nucleon structure can be obtained by studying hyperons

O What happens if
we replace one of the light
qguarks in the proton with
one - or many - heavier
quark(s)?

O PHIPSI
lp 2022
17
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BGS]]I Hyperon Pair Production [ScanMethod

Lonys. Lett. B (2021) 814, 136110 7 Q Study of the processes ete™ -» 2t~ and ete” - T7E*

% ey |_ E
:-:--'103 I _+_6' e —3"2 e
80 | +ete—> 33 ]
12F | E
| j- 1
10 | T T T —— _E
¥ S ;
| P
e P
. | | IR AR R T T R
2.4 2.6 2.8 3.0
's (GeV)
GBOIH(€+€_ N E+E_)
=0.7+1.3

O—BOI’H(e-l-e— — Z—E‘F) -

CM energies from 2.3864 — 3.0200 GeV, (330 pb?)

Nonzero cross section is observed near threshold but with no
significant enhancement

Cross sections near threshold disagree with the point-like
expectations as has been seen for the proton

First time measurement for the cross section in the off-resonance
region, provide precision experimental input for understanding

baryonic structure

Which is inconsistent with predictions from various

models, Phys. Rept. 112, 173 (1984), Rev. Mod. Phys. 65, 1199

(1993), Z. Phys. Phys. C 42, 569 (1989), Phys. Rev. Lett.91, 232003
(2003), Phys. Rept. 409, 1 (2005), Phys. Rev. D 101, 014014 (2020)

8/15/2022

Q Ratio |Gg/Gy|of T is determined for the first time with study
of angular distribution at three high-statistic points

Q |G;/Gy| = 1.83 + 0.26 is significant higher than 1 near
threshold, similar to those of proton, A, ...

O For higher CM energies is consistent with 1
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BESTI Hyperon Pair Production |Scan Method
QO Study of the processes ete™ — 2039 ;_Pf.lys. L.e_tt. 5'5_331 (.2_022). _1371.f§7—_;
= CM energies from 2.3864 — 3.0200 GeV, (329 pb™)
= Near threshold - Novel method is applied at 2.3864 and 2.3960 GeV

= No significant threshold effect is observed similar to those of ete™ —» ¥ *

= Single-tag baryon technique is applied at CM energies from 2.3960 — 3.0200 GeV

» Measured results are in good agreement with Babar, but precision is improved significantly
=  Asymmetry of the effective FFs of X —triplet is observed

= |Gery| result provide experimental inputs — YY potential model, and understanding of di-quark correlation

31 00_ L e L & T T 1
g [ @ TgatBa ] © t (b +4-r° Thiswork |
c 80 aBar - 20[ . ]
s Tt Threshold X F + X" BESIN ]
b — pQCD fit — [ + 3 BESII ]
o 1 1 o' ™F + A BESII E
40 10F .
: - . :
20 [ 5:_ ] T + A B _:
- 2 : —
r - ——
L. v N . : P T T TP 4 T @
0724 26 2.8 3.0 0322 26 28 3.0 p H I p s I
Vs (GeV) Is (GeV) 2022
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BGS]]I Measurement of ¢°(ete” —» ZEZ) near threshold

Q First study for ZZ production near threshold Scan Method
—>CM energies from 2.644 — 3.080 GeV, (360 pb?)

efe” — E"E ete” - E-E7
o T S - .. .. .. e —
z —e— Data E —4— BESIII data I Phys. Rev. D 103, 012005(2021) -
+ — s ] o | — Fue© gl il
J%T: ol | 77 Threshold = I! N — Fit (Eq. (7)) - Phys. Lett. B 820 (2021), 136557 *
L . [= - - I L "= == == == "
S . = |
€ I | 2 10 -
N . . | 1 ] ©
Sl . . sE o8B — co- B
26 37 FX TR X B 3 0 27 28 29 3 3.1
S T 5 (GeV)
3100__5 Y 5 ﬁ“_|1r|]r|r||r|1r|1r1r1r11_ B B e 0oy
g% —IEZ)iTtrE;sult 1] - . 7 (\/g) B —== yV/$=2mz =
oo -~ Threshold ] 4 - S [1 —€e ! ] [1 + ( o H) }
S0 — —
IR o ¢ -
CRR Z L m
Tt ,*’\_.N ST
i N N T SN SR ngl 21 + l{ ] \/_2
g T [1] 1 co- 3 v P(y/s)
E . E — B 0"/ i 7
= i . .« g 1 oo (vs) = || —=———=+e"BW(ys
SR T . LIRS S— S [ + [ + (vs) ’ (/5= )10 (v5) P(M)
‘1276:- L e I B ;I I P S NS A
T ' 96 27 28 29 30 3
s (GeV)

O No obvious ZE threshold enhancement is observed
O Born cross sections ratio for both neutral and charge modes agrees with the expectation of isospin symmetry
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BESTHT &y PHIPSI Summary

= BESIII can precisely measure the baryon FFs

= Both direct and ISR processes of Nucleon EMFFs are finished at BESIII, and provide complementary results

= Precision of nucleon EMFFs in the TL region are improved significantly

= Periodic structures have been observed in effective FF |G| of both proton and neutron

= Precision of nucleon EMFFs, especially the ratio or individual FFs, is still not good for the threshold region (g% ~ 2.0 GeV/c?)

= ISR process (LA) offers a unique way to access the NN threshold region, and to obtain full angular distribution

https //d0| 0rg/10 1093/nsr/nwab187

=Hyperon pair production (XX, Z£) are studied near the production threshold, no

5 F <P BESII ]
obvious threshold enhancement is observed but clear jump has been observed in ©10° ?—o— w»v*wa.}‘% Opf_gsﬁ%'"*
OaR» Op+ir @t BESIII (PRD 97,032013, 2018, PRL 120, 132001 (2018)) 1025_ %‘H)T ﬁfﬁb : m%?-sf-u*_ :g;fBEEESgilii:
*"|Gg /Gy |Of 27 is measured for the first time with a study of the angular distribution, mi 1 T + ; T 'y :*ﬁ &BSEE?'%
it could provide guidance for the nucleons ﬂﬂ E: )
=| arge data sets accumulated at BESIII in future, investigation for nucleon EMFFs, ' ! %I’wu E
and other baryon EMFFs 00 05 — 10
p=\/1-am3/s

THANK YOU! Stay tuned for new result!!
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