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Preamble

Recent m Baryon mass is the main component of the 7%

results of

Baryon elec- mass of the universe. It comes from the

tromagnetic

Dark matter

Compaosition

form factors strong force, not from the Higgs mechanism. JEELEY

Lei Xia (K.Huang, Story of Gauge Fields, 2007, F. Wilczeck, A
beautiful question, 2016).

Baryon FFs

m Baryons, what they really are, is far from being understood.

m Many meson features come from QED to QCD, once @ — a.
Baryon: no analogue in QED and unique QCD feature.

m For instance:

e A fermion with mass, magnetic moment and other parameters close to
proton and neutron ones can be obtained as a soliton of a 7 point-like
boson field, by means of a non linear Lagrangian with one free parameter
only (Skyrme model, T. H. R. Skyrme, Proc. Roy. Soc. A 260, (1961), 127)!

e The baryon spin is not due to the spins of the valence quarks (Proton
Spin Crisis, J. Ashman et al. (European Muon Collaboration), PLB 206, 364, (1988))!

m Therefore it is meaningful to point out open questions, concerning
baryon structure.
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Baryon Form Factors

Recent ELECTRON SCATTERING
Biryin s : . “TX TS
e m Elastic scattering of electron and proton N ’
fe f: .
oarthégtlnrs (Phys. Rev. 98, 217 R. Hofstadter, Nobel Prize 1961). \ po by

Lei Xia e Theoretically, differential cross section is: g " N rEEB'%LZS:»E"T“

3
5 h
do do 20 2 3 (o) N
— = N
Baryon FFs (E)ep = (E)Mott(l 4+ 27tan 5)F(q ) = MOTT CURVE, \'\§1
§ CURV 9'\\\5
e The deviation represents the effect of a £ BTN
form factor (FF) for the proton. o o i
30 50 70 920 no 130 150

LABORATORY ANGLE OF SCATTERING (IN DEGREES)

m The nucleon electromagnetic vertex [, describing the hadron current:

i0,,q"
wazwﬁﬁﬂwifBW)
P

m Sachs FFs:
Electron FF:Gg(q?) = F1(¢?) + TrpF2(q?)
Magnet FF:Gu(¢°) = F1(¢?) + rpFa(q?)
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Baryon Form Factors

Recent m Fundamental properties of the nucleon:
resules of e Connected to charge, magnetization distribution,
aryon elec-

tromagnetic e Crucial testing ground for models of the nucleon internal structure.

form factors

at BESIII m Measurement of baryon FF: Space-like (SL) and Time-like (TL).

Lei Xia

Form Factors
Dirac: F1(g?)
Pauli: Fx(q?)
Ge = F1 + ;%=F2

Gm = F1 + kF2

Baryon FFs

Time-Like Region
FFs Complex

Space-Like Region
FFs Real

Unphysical | Physical

T——. B e

-8 -7 -6 -5 -4 -3 -2 -1 (0] 1 2 3 4 5 6 7 8
m The nucleon electromagnetic vertex I, describing the hadron cur-

rent:

Mu'.p) = %F(@) + 2 Fal )
Mp
m Sachs FFs:
Electron FF:Gg(¢?) = F1(¢?) + TrpFa(q?)
Magnet FF:Gy(¢?) = F1(q?) + kpFa(q?)



Baryon Form Factors

m Measurement of baryon FF: Space-like (SL) and Time-like (TL).
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form factors
at BESIII

Form Factors
Dirac: F1(q?)
Pauli: F2(g?)
Ge = F1 + ;3=F2

Gm = F1 + rF2

Lei Xia

Time-Like Region
FFs Complex

Baryon FFs

Space-Like Region
FFs Real

Unphysical Physical

-

-8 -7 6 -5 -4 -3 -2 -1 0] 1 2 3 4 5 6 7 8

m TL process includes energy scan and initial state radiation (ISR),
both techniques can be used at BESIII.

Energy scan Initial state radiation
Ebeam discrete fixed
L Low at each beam energy High at one beam energy
dogg” ’8C 2 2 dopp 1 2
dcg‘;9 = m;q2 HGM' (1 + cos 0) dqz%{v = EW(‘S’Nx%V)Upﬁ(q )
4m? 2 .2 2 Dgp4qa? 2
+ qZ”\GE| sin“ 4] W(s,z,0,) = %(Tnf%’” -2)
Single at each beam energy From threshold to s
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Sommerfeld enhancement and resummation factors

e m The nucleon EMFF in TL region:

Baryon elec-
t;omaizte;iz do 71‘0[2/)) N2 2 4m2 2\[2 o1a2
o sesin Teost = z—qz[\GM(q )I7(1 + cos 9)+?p|GE(q )I7sin”0].

Lei Xia .
m Sommerfeld enhancement and resummation factors:

e Coulomb factor C, for S-wave only: 25f — Proton
1 5 25 — Neutron

am g 2

C=lpo(0)f = = ———==. & |

B 1—e B £ 15

s Tk

3 r

e Step at threshold: o 1
C = an 055 ) 2 21 2.2
’ \s[GeV]
do Ta?BC 4m?

= 2y|2 1 2 Thp N2 . D .
dcosf 242 [[Gum(a”)[7(1 + cos”6) + 7 |Ge(¢?)|° sin” 6]

m One of the objectives of measuring TLFF is to test the QCD theories
such as Coulomb factor.
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Threshold effects

m Born cross section ope™ in TL:

Recent
results of

Baryon elec- 2
Tk do 7o 2BC 4m
omagnetic 2 P 2\12 .2
Tcosh ~ gz UOM@)I (1 + cos” ) + =58 |Ge(d) " sin ],
Lei Xia

Born ( 2)

2 2m?
e IT[IGM(QZ)\2 + ?PlGE(qz)F]

4o 3C 2m?
= (1+ qu)|Gefr(q2)|2-

which | Ges(g?)| is effective FF:

2m?2
1Gm(q?)? + =221 Ge(q?)?

|Geri(¢?)| =

m Near the threshold, C leads the agg”‘ none-zero:

2a3

e
)| =16u(e)] = |Gar(a?)] 05" (4met) ~ o] Gar(me) 2
P
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Accelerator and Detector
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Lei Xia Accelerator and Detector
m Beijing Electron Positron Collider Il
m Beijing Spectrometer Ill

Accelerator
and Detector
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eijing [ ollider Il

1 1st LR, Expri. Hall
Recent 2 15t LR. Expri. Hall
results of ) ) )
Baryon elec- 3 Power Station of RingMag. Computing Cente

tromagnetic 4 RF Station 1

E.m: 2.00-4.96 GeV;

¢ P
form actrs R 005 m Double storage ring:
_ 6 Tunnel of Trans. Line Y et and e ;
Lei Xia
m No. of bunches: 93;
m Luminosity:
1.0 x 1033 cm—2s71
7 Tunnel of Trans. Line ©3770MeV

8 Tunnel of Linac
9 Klystron Gallery
10 Nuclear Phy. Experi. Hall
11 Power Sta. of trans. Line
12 East Hall of S. R, Experi.

BEPCII

[:QL?Q:H

top gluon Hliggs

13 West Hall of S. R. Experi. @I © “Wb Y

14 Computer Center down swange || botiom photon
o ® @ .
electron muon Z boson S
e o
g o
B 5 M o
5 LWL W
a lectr tau
G| gleon || oen | nelfiho | | Weoson | T

Oct 16th, 2023

MENU-2023 8/28



ijing pectrometer |lI

Recent

results of , :8  m ElectroMagnetic Calorimeter

Baryon elec-

:romafgntetic " 5 (EMC) (CSl(Tl))
at I?ES-III e o /E(barrel)=2.5%
Lei Xia — at 1 GeV,
e og/E(endcap)~5%
at 1 GeV.

m Superconducting Magnet:
B=1T.

BESII

m Main Drift Chamber (MDC):

(He/C3Hg=60/40) m Muon Counter:
o 0,,~130 um, dE/dx ~6%; Resistive Plate Chambers
e 0,/p=0.5% at 1 GeV. (RPC):
= Time Of Flight (TOF): (Barrel: plas- o barrel: 9 layers;
tic scintillator, endcap: MRPC) o endcap: 8 layers.

® Oime(barrel)=80 ps, o Topatia=2 c.

® Otime(endcap)x65 ps.
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Nucleon Form Factors at BESIII
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Nucleon Form Factors at BESIII
m Proton Form Factors at BESIII
m Neutron Form Factors at BESIII

Nucleon FFs

e
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Proton Form Factors at BESIII Besm

Recent u Energy scan:
results of e M. Ablikim et al. (BESIII Collaboration), PRL 124, 042001 (2020),

Baryon elec-

tromagneti e Review: Lei Xia et al.,, Symmetry 14, 231 (2022),
'orm factors

at BESIII e M. Ablikim et al. (BESIII Collaboration), PRD 91, 112004 (2015).

Lei Xia SocSz0 4 eAARCTaed) I FENICE 300 Wossnzom | eAAR(Taed T FENICE 05 ez S rewce
4sesi 2015 cwpszois  om SISt BABAR(NTagged) 835 oz bems
FoeSiiagges  +cwbsois oM +BESiTaggeq) 4 CLEO wereo 04 Seesiragges  4-£760

te| 4+ BESII(UnTagged) 4 BES 4 ADONE - BESlli(unTagged) 4 BES +DoM2 : ~#- BESIlI(unTagged) PS170
T 200( FoavAR(Tagged oMz
=2 = 03 - BABAR(unTagged) - DML
- z o Towmmme ™ e
= 5 ~+cieo -5 ADONE
fe © o2 Tee
3
(S 100
ob— : 2 obi ‘ : -
2.5 3 35 4 2 25 3 3.5 4
Vs[GeV] \s[GeV]
- BESII 2020 4~ BABAR (Tagged) —#- BESIIl 2020 ~i#- BESIIl 2020
-oEsiias cowps ¥ 4 sesin 2015
- BESIi(Tagged) - PS170 r L 5~ BABAR(unTagged)
Proton FFs - BESIunTagged) - FENICESDM2 03 4, } 03 —+-cieo
A Iy e enss
= § = L sty
z L < il PS170
L & 02 4 > 02 4
. 0] !
3 Q ¥ [C)
I ‘ .
0.1F 0.1f
T td ¥ .-
ity s SR
obis , , | ob . | iy . 1
2 25 3 35 2 25 3 2 25 3 35 4
(s[GeV] s[GeV] s[GeV]

m [nitial state radiation:
e M. Ablikim et al. (BESIII collaboration), PRD 99, 092002 (2019)
e M. Ablikim et al. (BESIII collaboration), PLB 817; 136328 (2021).
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Proton Form Factors at BESIII: Besm
Energy scan technique
Recent m Energy scan:
results of e M. Ablikim et al. (BESIII Collaboration), PRL 124, 042001 (2020),

e e Review: Lei Xia et al., Symmetry 14, 231 (2022),

form factors

at BESIII e M. Ablikim et al. (BESIII Collaboration), PRD 91, 112004 (2015).

Lei Xia s eeszo 300 Somsnzom | Erence 05 Seein | dew
- BESIIl 2015 - BESIII 2015 &~ E835 -4 BESII 2015 PS170
cups 2019 oo Feno 0.4l Fowszoe  towe
- CMD3 2016 4 BES ~4-DM2 ~4-CLEO DML
~4-BES 9" 2001 ~-BES usT
- reNicE =) = 034 - renice -+ ADONE
D ~= -§-E835
z 5
S o
8

i
o
PP
.
S
S
e
-
o
=
———
-
.
o
s
T
]
-
o

) Ob— i = ot L vu Ceal
2.3 25 3 35 4 2 25
Vs[GeV] s [Gev]
- BESIII 2020 PS170 ~#- BESIIl 2020 ~i- BESIIl 2020
AOESI201S i FENICESDMZ ¥ 4~ eesii 2015
2- - CMD3 E835 —§- CLEO

i 03f
!

Proton FFs 03 4, e emss
15%& + " = Mo e
'k 02f 4 02l
AN |

[Ged)I
1Gu(s)

.

. . "+ OB g

2 25 3 35 2 25 3 2 25 3 35 4
s[GeV] 5[GeV] s[GeV]

Stat Born
m Most precise measurement, i.e. at /s = 2.125 GeV, W ~
Ipp
0.45%.
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Proton Form Factors at BESIII: Besm

Recent m [nitial state radiation:
ecen
results of e Tagged: M. Ablikim et al. (BESIII collaboration), PRD 99, 092002 (2019)

Baryon elec-

ik e Untagged: M. Ablikim et al. (BESIII collaboration), PLB 817, 136328 (2021),

form . .
‘:{"BZ?.E’.'S Review: Dexu Lin et al., Symmetry 14, 91 (2022).

Lei Xia - BESH(Tagoes) - BABAR(Tagoes) $EESIZ2020 |+ BESH(unTagged) & BESII(Tagoed) - BABAR(Tagged)
1000 T ccomomesmd T oamimrand Y econroges Y oronniospes S pitetinat
o 100 f * =
2 L =< 15 .
500 g"n H gg‘ il g/ 1# |
% %% 500l < ;*
%, Cvos e Foue osF
P s, . Jees - Tom ‘ ‘ ‘
2 25 3 35 4 1.9 1.95 2 2C 0 2 25 3
Vs [GeV] Vs[GeV] Vs [GeV]
M [GeV/]  Nops % % Compare Collaboration
Proton FFs 2.025~2.100 1328 2.74%  10.79% 3.9 BABAR LA-ISR
2.025~2100 560 4.23%  18.49% 4.4 BESIII LA-ISR
20~23 4283  1.53% ~ 23.39% BESIII SA-ISR
2.125 50312  0.45% 3.39% 7.6 BESIII Scan
1.92 ~ 2.00 2577  1.97%  15.44% 7.8 CMD-3 (combined)

m From the threshold to /s = 2.0 GeV, the average Born cross sec-
tion, JEgrn(s), is approximately 840 pb, while under the assumption
of point-like particles, gBom )(s) = 4ma’ {1 + = } = 845 pb.

2
2mp

pp(point 3s


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.092002
https://www.sciencedirect.com/science/article/pii/S0370269321002689?
https://www.mdpi.com/2073-8994/14/1/91

Recent

Threshold effects Besm

m Improved precision in time-like (TL) region ;
Borvon ehuc. m Low-energy-eff-QCD (0. P. Solovtsova et al., Phys. Atom. Nucl. 73, 1612 (2010))
OO and pQCD (A. Bianconi et al,, PRL 114, 232301 (2015)) are authenticated.
at BESIII cem203

Lei Xia ) , V5 <2.3094 GeV,
s [1 — 8_7(%] [1 + (4\/5—27%02)&1]
ag

2mpc? )
(2]

3s5 [4|n2 (g—f) +7r2]2

2ma?B(s)C

, /3> 2.3094 GeV,

B Fit (?/ndf=1.138)  — CMD3 2016
Proton FFs - BESIIl 2020 - CLEO . . .
Foums e e Consider strong interaction effects
-#- BESII|(Tagged) -}~ FENICE
=T T oesiiuntagge 5 cass near the threshold.
=5 - BABAR(Tagged) %~ E760
P + (unTagged) . .
z Lt oy 20 DM v ap: Overall QCD parameter Aqcp;
ge | - ADONE V' a1: power-law dependence, related

(%)

to the number of valence quarks;
v az: normalization constant.

B ik
3 35 4
i5[GeV]
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https://link.springer.com/article/10.1134/S1063778810090139
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.232301

Periodic Interference Structures

Recant m The oscillation in |Geg| is observed by BABAR (A. Bianconi et al., PRL
results of 114, 232301 (2015)), and confirmed by BESIII.

Baryon elec-
tromagnetic
form factors

P gnar1848)  +-CLEO 15007 = nar-0.892) cMp3 2019 — Pt (rnar-2244)
at BESIII 3 pole mod 4-pES < Withou Res £ cuD3 2016 0.05 8- 6ESIl 2020
0.4 Oscilation - FENICE Res(2150) contribution  ~§- CLEO - BESII 2015
Lei Xia Sosimm s 1000/ B Res(z500)conbuton & BES = cvoazons
#-8ES1 2015 +E0 = 4 BESi 2020 - renice
= 4 BESIN(Tagged) ps170 =) i & e
w & BESHi(unTagged) <~ DM2 > & BESII(Tagged) €750 =
3 02 4 BABAR(Tagged) - DML = 500 - BESl(unTegoed) - OM2 T ©°
[0} £ BABAR(unTagged) M. S.T £ +BABAR(Tagged) - OMI
% CMD3 2016 -4 ADONE mbﬂ “f ]| + BABAR(uTagged) 4 ADONE
b ERpT=—
0 - BESIlunTagged)
3 BABAR(Tagged)
0 I -0.05 —§- BABAR (unTagged)
\ . . . . . . . .
25 3 35 4 2 2.5 3 35 4 0 1 2 3 4 5
{s[GeV] {s[GeV] p [GeVic]

A
F3 (S) = S S )
P 1+ =)l - s’
Fose[p(5)] = b€~ P*) cos(b3p(s) + b5°),
| Gefr(s)| = F3p(5) + Fosc[p(s)]-
m Periodic structures:

e Possibility of resonant structures around 2.15 GeV and 2.50 GeV;
e An oscillating function superimposed on the smooth dipole parametriza-
tion.
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Proton Form Factors at BESIII Besm
Recent
Borvon ehuc. m Electromagnetic Form Factor ratio (|Gg/Guml|), Electric and mag-
tromagnetic netic Form Factors (|Gg| and |Gy |):
SHEESH] e Improved precision, (comparable to space-like (SL) region):
v’ |Gpm| is the most accurate result, | Gg| is measured for the first time.

e Periodic structures:

Lei Xia

v' Can be related to subhadronic-scale processes;
v Extend to |Gg| and |Gy| from |Ge| and |Gg/Gpyl.
e TL-SL joint fit improves our comprehension of the radius of the
proton.

= i (ndi=1.589) - FENCERDMZ B Fi (rndi=3.520) = R iend=2074)
o[ | # Monopole mod. &-g035 558 Kuraey mod. 555 Kuraey mo
Proton FFs Osclaton +LabGep 03F 8- BESIN 2020 03 8- BESI 2020
— 52 Kuraev mod, - R - BESII 2015
w 4 BESII 2020 ~%- BABAR (unTagged)
~ 15[
= LS50 | weesnans = = & e85
+ o @ @
9] - BESITaged) Z 2f Z 02 780
> & BESIlunTagged) f s ps170
& 1| 4orearraggen o (O}
W H
o <-comp3
<2 psi70 0.1 01
ol . i ol .
2 25 3 2 25 3

s[GeV] s[GeV]
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Neutron Form Factors at BESIII Besm

Recent B M. Ablikim et al. (BESIII collaboration), Nat. Phys. 17, 1200 (2021),
ecen
results of B M. Ablikim et al. (BESIII collaboration), PRL 130, 151905 (2023),

Baryon elec-

TG m Review: P. Larin et al, Symmetry 14, 298 (2022).
form factors 10° = _ 07
at BESIII E e BESII 3 E e BESII E
F = DM2 (1991) 3 E = DM2 (1991) E
Lei Xia L - FENICE (1998) | 061 FENICE (1998) 1
SND (2014) = SND (2014) E
10° & i s+ SND (2019) E 05 4+ SND (2019) —
it ' 3 E E
g r s 1 _ oaf i
R=2 ot (O] = B
@ 102§ e ¢ E = 0_3? *; l E
F . 1 02f ¥ ] } 3
L N [ t E|
e el
L 1 L 1 L L 0. 1 Il L 1 L 1 b |
1.8 = 22 2.4 2.6 28 3 1.8 2 22 2.4 2.6 28 3
Vs (GeV) Vs (GeV)
- BESII 1
Neutron FFs 0 E.,i““,ﬁiﬁ;“h"yg’_“ﬂy:pf*,i‘z’.ﬁ;‘ﬁi‘;’j;‘ oy M From 2.00 to 3.08 GeV, 647.9 pbi .
F Prediction: Phys Rept. 550-551 (2015)[11] .
Be | m v — p coupling larger than v —
= } 1 n, consistent with theoretical lim-
[T 4 .
& b | * R i *Hﬁ 1 its from VMD, (V. L Chernyak et al,
i h’% . ] Phys. Rept. 112, 173 (1984)): UE‘E” x
r H‘ 7 Born 2
B Upﬁ Q
| I I I L a S — =4 = 4
22 24 26 28 3 | qus Qq q ( )‘ oBom Q?

Vs (GeV)
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Periodic Interference Structures Besm

Recent § ®  BESIIk (this work) § E_ Polynomial 0: Fosc + Polynomial 0: _E
results of e — — Fitwith GJ* = E P, = 0.00 = 0.00 A= 0.08 0.03 B
Baryon elec- F oy =35+ 0.1 ] F x?/ndf = 64.3/17 B= 1.01+0.24 e
tromagnetic - m2 = 47839146.0 +- 1.4 GeV? - E C=528:036
form factors b x%ndf = 64.7/16 ] [ D=-3.77 £ 0.55 |
at BESIII - + _____ Fit with G, - E ¥2ndf = 11.8/13 E
E =35 +-0. 3 F E
Lei Xia = \+ xQ/ndls :554.:/115 - F I r‘*\ N 1 m B
3 . E E N
: XS ] 3 E
E T——— - ~0.04— i
F Tk F ]
ol 1 1 1 L 1 L. _0.06 L L L 1 1 1 L
8 & 22 24 26 28 3 2 22 2.4 2.6 28 3 32
s (GeV) /s (GeV)
m A similar oscillation effect is also
. . L — Simultaneous fit: p == Simultaneous fit: n
discovered in the |Gef| of the neu- g5k { A-BESI2020:p - BESI202L:n
. L | - BESIII 2015: p x?Indf=2.116
tron.
Neutron FFs . . .
‘ m Simultaneously fitting the reduced- o +
|Ges| for protons and neutrons W&
(Lei Xia et al., Symmetry 14, 231 (2022)): H
.. = —& CMD3 2019: p — BABAR(Tagged): p
o ConJ0|nt freq uency Of P a nd n: -0.05+ —&- BESIl(Tagged): p  —f— BABAR(unTagged): p
— = -+ (unTagged): p
b3 = (5.057910) (GeV/c) 7!, IS e —
( 0.00) (GeV/c) 5 : : z : S

e A phase difference from the pro-
ton: AbF® = (129741)°.
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Neutron Form Factors at BESIII Besm

L i -« BESIII (this work) ] [ + BESII (this work)
rf:jtes":)f :(a) PQCD [37] ] :(b) - :élélglﬁj[?]ﬂ]
Baryon elec- 0.6[ B \Rfﬂ;‘xﬁ?;'pmc [38] 0.6~ - Modified Dipole [38]
tromagnetic - [ _ ] a 4 L vMD [39]
form factors [ F ~— DR Mainz Model [40] ] L — DR Mainz Model [40]
at BESII o 0.4 Production threshold  — = 0.4 - Production threshald
SR 1o %
Lei Xia o.2f \F ] 0.2; +
r S ] r
r TR
ok L L s s Earae e S| ol "Th‘-"‘.\ i T ey
1.8 2 22 24 26 2.8 3 22 24 26 2.8 3
Vs (GeV) s (GeV)
F ; T T . r . . _
1 (C) - TLIG,] (this work) 1 d) - TLIG,| tthis work) 3
F - SL G, World Data | F . SL G, World Data |
o 107! 7 —1 o’ E E
o 1 = E
[ e e T 10 F 1
I S T10%E =
Neutron FFs (NN R T S E t 3
-3 s =N 3l ! ) ) . . \ L
197 10 12 14 0274 & 8 10 12 14
Ig%| (Gev?) 1G%] (GeVv?)

m Compared with the FENICE results, the values for |Gy| from this work
are smaller by a factor of 2 — 3.

m Results is compared with various models: pQCD, modified dipole, VMD

and dispersion relations (DR), and DR model gives good consistency.
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What happens if
we replace one of the light

quarks in the proton with @
one - or many - heavier
quark(s)?
@A Hyperon Form Factors at BESIII @ = *

m A Form Factors at BESIII <

m A\. Form Factors at BESIII o

m Y Form Factors at BESIII

m = Form Factors at BESIII

m Q Form Factors at BESIII

m A Form Factors at BESIII
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From nucleon to hyperon

Recent m It is difficult to study EMFFs of hyperons in SL due to the difficulty
B lec- i ; ;
o e in stable and high-quality hyperon beams.
fi fact . _ o e . .
P m The hyperons can be produced in e*e™ annihilation above their

Lei Xia production threshold.
Introduction What happens if
s g optonwiy = The angular distribution of daugh-
ik one - or many - heavier ter baryon from Hyperon weak de-
Accelerator quark(s)? .
and Detector Cay IS:

BEPCII ze do 1 P ~

BESIII L] aa x 14+ ap y 4,
Nucleon|FFs ® ap: asymmetry parameter (P—
Proton FFs . .

Neutron FFs VIOIatlon)

= o

Hyperon FFs .

ol Advantages:

o m UE‘E" can be obtained very close to threshold with finite PHSP of
o final state.

A m With hyperon weak decay to B+ P, the polarization of hyperon can
Sy be measured, so does the relative phase between Gg and Gy,!
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m Energy scan:

® M. Ablikim et al. (BESIII collaboration), PRD 97, 032013 (2018),
® M. Ablikim et al. (BESIII collaboration), PRD 100, 032009 (2019),
e Review: Xiaorong Zhou et al., Symmetry 14, 144 (2022).

m Initial state radiation:
® M. Ablikim et al. (BESIII collaboration), PRD 107, 072005 (2023).

PPN 2 ] 160 -
g0 I I = @ - BESIII - “;:::}“3;3‘
S oo } S o BaBar g a0
o - 2. 4 - =
S102k e 3o ] g Z B
o _? o < 1op + [} ‘I
@ 4ol 1 Xk sof 2
8 ' T eof ' §re
K -
S o gs g
. : . © 20F = .
1.0 1.2 1.4 1.6 . . . . . 2f : :
MAX/M‘\hreshold 2 22 24 & 26 28 3 > w (Gevzlfz) : 2
5 (GeV)
Born

m The non-zero o 2™ is consistent with previous measurement.

e Energy scan: 312 4+ 4573 pb at 2.2324 GeV (1 MeV above threshold)
e Initial state radiation: 245 + 56 & 14 pb in [2.231,2.250] GeV, 28373 +
15 pb in [2.25,2.27] GeV.

m Possible structure near the threshold in a/%/-‘\’r" forete” - KTK—KTK—.
e mg = 2232+ 3.5 MeV, Nk < 20 MeV.
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b)
05~ =
3
| ke
o g
B 8
2
— 8 sl
_osl- +~ 03]
. . . .
-1 05 0 0.5 1 =1 05 0 05
cosf cosf

m M. Ablikim et al. (BESIII collaboration), PRL 123, 122003 (2019).

m An event of the reaction et e™ — A(— pr~ )A(— prT) is formalized by
joint angular distribution:
w(& AP, o, ay) =1+ ay cos? O Unpolarized part
+a_ oy [sin® Oa(n1,2m2,0 — apna yna.y) + (0> Op + ay)ny, 2na, -]

foa_ayy/1— afw_ cos(AW) sin Op cos Op(n1,2n2,» + N1 2o 5 ) Correlated part

+4/1— ai sin(AW) sin O cos Op(—n1,y + ayna ). Polarized part

m Confirm the complex form of EMFFs:

e |Ge/Gum| = 0.94+0.14 + 0.02,
o A¢p=37°+12°+6°.
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BESII

e AR
4-BESIN 2023 —Combined fit
<-BESIN 2018 --Monopole decrease
“Threshold - Damped oscillaion

05

05

_* e'e = Ak

4-BESI dia
—BESH

v \‘E(G?,V;3
m BESIIl measured the o

Born
ANEAND

47 49

48
1s (GeV)

c
® M. Ablikim et al. (BESIII collaboration), arXiv:2307.07316,
® M. Ablikim et al. (BESIII collaboration), PRL 120, 132001 (2018),
e Review: Weiping Wang et al., Symmetry 14, 5 (2022)).

Born
m The e

Y (4630) — AFAZ is not observed.

m Contradict to the case in proton and neutron, the oscillation feature is
not observed in the | Ges| spectrum of Af.

10 15
p (GeVie)

and |Geg/Gy| with unprecedented precision.

plateau is confirmed up to 4.66 GeV and the decay process

m Oscillation is discerned in |Gg /G| distribution of A}, but with a signif-

icantly different frequency from that of proton.

m Similar to the proton, |Gg/Gp| for AT approach 1 near the threshold.
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= : : : T

&1 L dee-xz | 3

gu +ere> 3T £
MO S
10 - E

T+ Form Factors at BESII] BGS]]I

| \ ) X S0 05 0.0 0.5 70 95 EO 0.0 0.5 7.0
24 26 28 3.0 coso(X) cose(x)

y 2 ~ ~
m Study of the prdé‘es?%s ete” = XY~ and ete™ — T™XF M. Ablikim et
al. (BESIII collaboration), PLB 814, 136110 (2021), M. Irshad et al., Symmetry 14, 69 (2022)).
e /s from 2.3864 - 3.0200 GeV, (330 pb™').
e Nonzero 0% is observed near threshold, no significant enhancement.
Born . . . . .
e 0.¥%+ near threshold disagree with the point-like expectations (e.g. p).
m |Ge/Gy| of =7 is determined for the first time, with study of angular
distribution at three high-statistic points:
e |Ge/Gum| =1.83£0.26 @2.396 GeV, > 1 near threshold, similar to p, A.

O_Born

B e =" —09741.3:;

O.Born _
etem »E—%+
e Consist: G. Ramalho et al., PRD 101, 014014 (2020).
e Inconsistent: V .L. Chernyak et al., Phys. Rept 112, 173 (1984), V. L. Chernyak et al.,
Z. Phys. C 42, 569 (1989), M. Anselmino et al., RMP 65, 1199 (1993), R. Jaffe et al.,

PRL 91, 232003 (2003), R. L. Jaffe, Phys. Rept 409,-1 (2005).
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Y% Form Factors at BESIII

—10 r T « T T T T
@ (@) - Data =] (b) ~+4-x° This work
g ool A - oS
% — pQCD fit — +x BESII
sor ERENC ﬁ A BESII E
40 - 10F . 4
{
20 1 5 ¥ : & DR
[ =
o 2?4 216 2.’8 o 2‘4 2:6 2.‘8 3.‘0
s (GeV) Vs (GeV)
m Study of the processes ete~ — 030 (M. Ablikim et al. (BESIII collaboration),

PLB 831, 137187 (2022)):

o /s from 2.3864 - 3.0200 GeV, (329 pb™1).

e Near threshold: Novel method is applied at 2.3864 and 2.3960 GeV.

e No significant threshold effect is observed similar to 023} .
e Single-tag baryon technique is applied at /s from 2.3960 - 3.0200 GeV.
e Good agreement with BABAR, precision is improved significantly.
[ ]

022" can be well described by 4pQCD—motivated function:

)

(s —cy)* [4In2 (‘{—5) +7r2]2

2m§c

C
g%m _ ﬁ(z) (1

m An asymmetry in JB°”‘ 2 triplet:
e (9.7+£1.3): (3.3 :I: 0.7) : 1, related with valence quark?
m |Gefr| result provide experimental inputs, Y'Y potential model, and un-
derstanding of di-quark correlation (J. Haidenbater et a2, PRD 103, 014026 (2021)).
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Complete measurement of Besm
Y " Form Factors at BESIII
- (b)

100
a 2.3960 GeV b This work
Joem (@) * e (@)
Baryon elec- [ ‘ = 15 [ VY potential model| Lo~
N — = : g 0
: R e T et Q o
form factors | | | w 10 S \
at BESIII T <} B <
i Xi -1 050 ) -100- This work
bei Xia / [ 7Y potential model
s T705 0 05 0% 26 28 24 26 28
St cost s GeV Is GeV

Threshold

e B M. Ablikim et al. (BESIII collaboration), arXiv:2307.15894.
s ® An event of the reaction ete” — Y (— pr®)L~(— pn0) is formalized

and Detector

R by joint angular distribution.

BESII m Polarization is observed at 2.396, 2.644 and 2.90 GeV with a significance
Hocken T of 2.20, 3.60 and 4.10.

" m Relative phase is determined for the first time in a wide g range.

Neutron

Hyperon FFs

= m |Ge/Gpy| and Ad line-shape is compared with Y'Y model (J. Haidenbauer
. et al, PRD 103, 014028 (2021)), different tendency in A®.
= s m A® distribution indicates there are integer multiples of 7 radians, from
L threshold to cross point.
Summary m The still increasing relative phase indicates the asymptotic threshold has

not yet been reached.
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form factors ~ £ F ~ — — Threshold
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at BESIII g L © F
X E
Lei Xia _E ' . E i3
2 i, " L2 ot 37 x s 3 3
e 7 3 ]

" " ey 35

" 3 5

Introduction Vs (GeV) Vs (GeV)
T T

S - . - e
Threshold s st {1 1
effects kT S --- Threshold E Il,f_l, ar- ]
At I f = = 1
and Detector e b M 1[] 2 N
BEPCII N + + + + T + l+ g
=5 2F - E [:7] 4
BESH B et © \.‘..\..‘.|..‘.|;..‘|.‘.T'
Nucleon FFs - 7 2\73 (Gevzlﬁ B > 9'6 2.7 és (Gé\i) 30 31
Proton FFs . _ —— .
wewnre. W First study for e"e™ — == production near threshold:
iyperoniFF e efe™ — =7=1 : M. Ablikim et al. (BESIII collaboration), PRD 103, 012005 (2021),
A e ete” — EOEOZ M. Ablikim et al. (BESIII collaboration), PLB 820, 136557 (2021),
A. FFs .
T FFs e Review: Xiongfei Wang et al., Symmetry 14, 65 (2022)).
= e /s from 2.6444 - 3.0800 GeV, (360 pb™1).
AFFs m No obvious =~ =1 and =°=° threshold enhancement is observed.
Summary

agrees with the expectation of isospin symmetry.
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results of = * Data 1 [ - G(p(é A) )
Baryon elec- = ——o(A” p e,
trao'rfla"gnetic % 1000~ — Fitresult ] ’.é 60 F —-c®(A" pr+ce) E
form factors o d — Theory
at BESIII c | L1 s
Lei Xia T v g 4o 7 7]
S ] T L
Introduction B_ [ I U B B B B B B B S 20F | H |
Baryon FFs = 1500F T T T T T T T T T T T | T- .
Threshold -§ 'm 3 J E :’ }I : g
effects ] N L N A 1 HH 1 1 1 L
I e ST T i 03 235 24 245 2.5 255 2.6 265
Accelerator 77348 3.5 3.52 3.54 3.56 3.58 3.6 3.62 3.64 3.66 3.6
and Detector s (GeV) s (Gev)
BEPCII - _
BES!i m Study for ete™ — Q™ Q" produc- m Study for efe™ — ATtA~ pro-
e tion near threshold: duction near threshold:
Neutron FFs ® M. Ablikim et al. (BES||| collaboration), ® M. Ablikim et al. (BESIII collaboration),
Hyperon FFs PRD 107, 052003 (2023) arXiv:2305.12166.
A\ FFs - .
\. FFs e 8 energy points /s from 3.49 - e 5 energy points /s from 2.3094
*FFs 3.67 GeV. - 2.6464 GeV.
= FFs . . . . . pe .
. e No significant signal observed. e No significant signal observed,
o Frs e Upper limit of G is consistent but signal for efe™ — AT pn~
SIE with pQCD driven prediction. observed.
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m Fruitful physics results of EMFFs

from eTe™ colliders, via energy
scan and ISR methods.

Conventional  parameterization
of EMFFs is facing challenge
from experimental observations
(threshold effect, oscillation in
reduced FFs and |Gg/ G| ratio).

Relative phase and pQCD are au-
thenticated.

Periodic structure of EMFFs
gives rise to polarization of final
baryons, and will play an impor-
tant role in distinguishing various
theoretical models.

o (pb)

The asymptotic behavior of

baryon EMFFs have been

tested, and the asymptotic
threshold is not yet reached.
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Phenomenological explanations for oscillation

behavior

proton Fractional Oscillator neutron SND 2019
R t —— ChEFT 0.3 & BESNI 2021
ecen —— Fractional Oscillator
results of [antatd |
Baryon eIeF— 0.2
tromagnetic
form factors
at BESIII o1 \
Lei Xia 3
0.0 M{"\M
2000 2400 2800 3200 2000 2400 2800 3200
Vs (MeV) Vs (MeV)

m Distorted wave Born approximation: EMFFs of p and n are de-
scribed by two fractional oscillators. (Q. H. Yang et al., arXiv: 2206.01494)
e ‘overdamped’ dominates near the threshold;
e ‘underdamped’ plays an important role in the high-energy region.

3 5 P ndi=0.720) - BESHI(Tagged) “ rtndl=3.220) = ndi=2.078)
Monopole mog. &~ BESlunTagged) 55 Kuraew mad. = Kuraeu mod.
1 Oscaton 4 BABAR(Tagoed) 03 - BESII 2020 03] - BESHI 2020
— \ S uaevmod - OMD3 - 30, 4 BESIN 2015
o) A - BESII 2020 Ps170 W - BABAR(unTagged)
= 2/ & BESII 2015 4 FENICE+DM2 = = -6~ E835
[ S T 0oL Z gL iy
= Q Q
W
Q 01F 0aF
i . . " . . f
2 25 3 3.5 2 25 3 2 25 3
s[GeV] s[GeV] s[GeV]

m Periodic behavior of |Gg /G|, |Ge| and | Gy |is also observed (E. Tomasi-
Gustafsson et al.,, PRD 103, 035203 (2021), Lei Xia et al., Symmetry 14, 231 (2022)).
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New explanations of oscillation of |G|

Recent -~ GOSC 2 :Acio cos C S+D )
= () = Ay z cos(CVs + D)

tromagnetic 0.

Orocan: 7| A X. Dai et al, CPC 46, 073104

50
n

Lei Xia 0.04f o (2022)
) ‘“”\Llh ;/L‘J A L m Oscillation makes the y? of fit-
¢ Mﬁ/ E i eEel Yi' ¥ ting smaller.

m As the mass of baryon larger:

o6k e A become larger,
[y — " - e (C become smaller.
V5(GeV)

Parameter p n A y0 =0
y 0.82£0.04 1.41 (fixed) 0.34+0.08 0.26 +£0.01 0.21 £0.02
co 1.44+0.18 3.48+0.06 0.11+0.01 0.033£0.007 0.023+0.008

X?/dof 3.9 43 2.4 1.1 2.0

A 10.24+1.2 17.6 £2.7  17.6 (fixed) 19.9 +£10.2 23.2+9.6
C 17.2+0.5 122+£0.6  12.2 (fixed) 119+1.1 10.6 +2.2
D 1.094+1.06 166+1.41 2.37+1.88 0.99 +3.13 1.34 +6.39

X2 /dof
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X. Cao et al., Phys. Rev. D 105, L071503 (2022)

Y. H. Lin et al., Phys. Rev. Lett 128, 052002 (2022)

PHYSICAL REVIEW D

, 1071503 (2022)

Timelike nucleon electromagnetic form factors:
in amplitudes

t interference of isos)

2% and Horst Lenske'

BESINZ021
BESIN2020

c.04 — Breit-Wigner
[ A~ oscimation, ] o 6
EORSE Za =6 28 a0 VOV ¢ 1GeV)
—0.02 07
e 08 « BESHICO21)
[t of the Breit Wigner distribution and the Gauss « snpaoie
distribution to three local structures below 2.5 GeV in comparison 05, SND20L)
T Fanen 116,15 i
_oa
S 4
03,
02|
o1
PHYSICAL REVIEW LETTERS 128, 052002 (2022) N
= i 3 7
£[GeV?]
New Insights into the Nucleon’s Electromagnetic Structure FIG. 1. Complete fit to space- and timelike data with bootstrap
error (shaded band) compared to data for |G| of the proton

Yong-Hui Lin®," Hans-Wemer Hammer®.>* and UIf-G. MeiBner®'**

MENU-2023

(upper) and neutron (lower). Fitted data are depicted by closed
symbols; data given by open symbols are shown for comparison
only (see Supplemental Material [15] for explicit references).
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Impact on the charge radius of proton
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m Test for dispersion theory, perform a high-precision extraction of
the nucleon radii (Y. H. Lin et al, PRL 128, 052002 (2022)).

m TL-SL joint fit provide new sight on nucleon radii(M. Yu. Barabanov et
al., Prog. Part. Nucl. Phys. 116, 103835 (2021), L. Xia et al., Symmetry 14, 231 (2022)).

e 1w Verifying different the-
Pew | = oretical models: chiral
pQCD and lattice QCD
( A. Z. Dubnitkovs et al., EPJA
57, 307 (2021), A. Zuzana et al.,
] arXiv: 2010.15872, S. Dubnitka
oo PR TTETER S TY R e et al., arXiv: 2103.08385).

s GeV®

Oct 16th, 2023 MENU-2023 4/6

B Fit (xindf=1589)
2[ | #+ monopole mod.
Osclaton

3

B o s
#-sEsi 2020
4-oesiizons
- BESiITangen)
~#- BESIll(unTagged)
1F | 4-easar(ragpes)
+cwos

P10

abs. value of Ghy(i

0.01 4

£



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.052002
https://www.sciencedirect.com/science/article/pii/S014664102030082X?via=ihub
https://www.sciencedirect.com/science/article/pii/S014664102030082X?via=ihub
https://www.mdpi.com/2073-8994/14/2/231
https://link.springer.com/article/10.1140/epja/s10050-021-00612-7
https://link.springer.com/article/10.1140/epja/s10050-021-00612-7
https://arxiv.org/abs/2010.15872
https://arxiv.org/abs/2010.15872
https://arxiv.org/abs/2103.08385
https://arxiv.org/abs/2103.08385

Cocent m Two-photon exchange VS On
ecen

results of et
Baryon elec-
tromagnetic
form factors

at BESIII

e-photon exchange:
B ot

Lei Xia

- P
Twofphoton exchange. Proposed in 1970s.
One-photon exchange. (V. BoiPhytsov et al., Sov. J.
Nucl. Phys. 16, 287 (1972)).
(V. Franco, PRD 8, 826 (1973)).
° One—phot0r12 Exchange: (F. Lev, Sov. J. Nucl. Phys. 21, 145 (1975)).

e _ _ Opv
Ju = Stk (k) 32) i (62) — 22 Folu(pa).
q 2mp
° Two—photg)n Exchange:
e _ _ Opv
Ju :7“(k2)'7u“(kl)u(p2)[7u-’41(37q2) - == A2(5:q2)
q 2myp

+ KPuAs(s, ¢*)]u(p)-
e Connection: 4 real amplitudes — 6 complex amplitudes.
Ai(s,¢°) = Fi(@®), A5, 6%) = Fa(q?), As(s, ¢°) =0,
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m Two-photon exchange VS One-photon Exchange:
Il

—— JLab Hall A (2001)
% JLab Hall A (2002)
—— JLab Hall A (2005, 1)

at BESIII -o-aunmnc(zumy ‘
Lei Xia 4-'9, W ij | T
- F ot
+:z§znhlh;\;59pevelun b 4
i eI 1
—f#— JLab Hall A (2005, 2)
0 2 4 6 8
- - » Q*[GeV]
Two-photon exchange. Proposed in 1970s.
One-photon exchange. (V. BoiPhytsov et al., Sov. J. Two-photon
Nucl. Phys. 16, 287 (1972)). hange in SL
(V. Franco, PRD 8, 826 (1973)). exchange in L.
(F. Lev, Sov. J. Nucl. Phys. 21, 145 (1975)).
One-photon exchange Two-photon exchange
Complex F;(q?) Complex A;(s, ¢°)

JPC=1""- JPC £ 17—, with only C = +1 known

ale’p) _ o(e"p)

o(ep) =1 (e 71

11pGE HpGE (2

e 1 t )

4 o
920 = a(g?) + b(¢?) cos? 0 | 2 = cosOco(q?) + c1(q?) cos? O + ca(g?) cos* 0 + ..]
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m Angular distribution access to interference.
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