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Introduction



Electromagnetic Form Factors (EMFFs)

» Electromagnetic Form Factors are fundamental properties of the nucleon
» Connected to charge, current distribution

» Crucial testing ground for models of the nucleon internal structure
.ge/ff;?son Lab 1
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The nucleon electromagnetic vertex I', describing the hadron current:
, io,vqY
L®p) = yuFi(a®) + 5~ F2(4%)

Sachs FFs: Gg(q?) = F,(q?) + T, F, (q%), Gu(q?) = F1(q?) + KpF2(q%) 3



Time-like EMFFs: formalism

- Interaction of final states, lead to a non-zero cross 5% A
section for charged baryon at threshold. £ o.0sf :BB :
0.07F =
Sov. Phys. Usp. 34 375(1991) = ooef. :
dopp _ ma Cﬁ 2 2 4 2 cin2 _ 0.05F E
dcosd = 24 [(1 + cos 0)|GM| IGEl sin 9], T = pyon o0if :
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« Complex form of TLFFs leads to transversely
polarized baryon even the beams are unpolarized  °f ,
Nuov Cim A109, 241-256 (1996) & of
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Time-like EMFFs: theoretic models

« Various theoretical models describe TLFF in non-perturbative region:
ChEFT, VMD, Relativistic CQM, parton model, pQCD etc.

Parametrization of TLFF:

. et : - —neutral
pQCDt.predlcts MOdIf|Ed,Scal.lng VMD model described the 10or — charged
continuous 2plizEslel] effect of meson cloud -
transition at nonperturbative |G o] = = o [
. : 2 2 i
hlgh g2, Wlth-the region: F2 o ‘ q4[ln2<z—i)+1t2] 50(
scaling behavior: 5 Fq |G| = I
— . e -
Fq{ x q_‘;, F, x ln(%), with A = <1+l—%)[1—q2/q%]2

(o) L I L I LA L

q 0.3 GeV 00T 02 04 0s o8

» Dispersion theoretical analysis, provide a coherent framework for the joint
interpretation of SL and TL EMFFs over the entire physical range of g2.



Time-like EMFFs: experimental approaches

- Initial state radiation
method at a fixed
c.m.energy

- Energy scan method
at discrete
c.m.energies

> At a fixed c.m.energy +/s, collecting events
from threshold to +/s

: > Systematic uncertainty in a coherent wa
» Very good energy resolution y y y

. : » Large luminosity needed
» Discrete values, leaving gaps ,
without information > Higher background

» Well-defined c.m.energy, low
background

BESIIIsEi R ME—r]LABY e S SR 5 A BT R SR B F AR FRISEIO SRS






Timeline of Proton EMFFs

Cross o0 signal events in total, BaBar observed BESIII & CMD obtained best precision via
section limited narrow energy reglon threshold effect via ISR €nergy scan at >2.0 GeV and near
T . . threshold
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PS170 observed |G/Gy,| ratio  Result from BaBar is BESIII observed oscillation

for the first time at LEAR inconsistent with PS170  in the |G/Gy| lineshape ¢



Recent results of proton EMFFs pcoyp

* ISR method with detected photon and undetected at BESIII.

- Damped oscillation distribution after subtracting the modified dipole.
PLB 817, 136328 (2021)
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Recent results of proton EMFFs pesyp

G(s)/G, ()

« Scan technique from /s =2.0 to 3.08 GeV, using 688.5 pb-Tintegrated
luminosity.

G¢/Gyl|, |Gu| are determined with high accuracy, |G¢| is measured for
the first time.

PRL 124, 042007 (2020)
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Analyticity of proton EMFFs

»>SL data shows a monotone decrease from 1/p,
at g% = 0.

»TL data decreases from 1 at threshold g* = 4m3.

»Damped oscillation feature of |G¢/Gy| in Time-
like

Fr(w(s))

R=|GE|/|GM|

1
1 + w? /1y

[1 + rie” ¥ sin ('rgw)] , w=1/s —2m,

» Perturbative domain has not been reached.

| [GeV]

E. Tomasi-Gustafsson et al, PRC 103, 035203
(20217)
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Timeline of Neutron EMFFs

Cross First result from SND scan near BESIIl and SND

. FENICE, large cross threshold, plateau obtain precise results
section T geeress . I ———
15001 CENICE — 1500 » FENICE ‘ 15005— “ FENICE ‘
g —u{ ] g [ { { « SND 2014 '-‘?: { * SND2014
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BESIII measured |G¢/G,|
for the first time



Recent results of neutron EMFFs gesyn

« eTe” - nn from /s =2.0-3.08 GeV, 647.9 pb-.

« y —p coupling larger than y —n coupling => consistent with theoretical
limits from VMD, Skyrme etc.

» Oscillation of reduced-|G| observed in neutron with a phase orthogonal
to that of proton.

a . BESIII b 008 - e  BESIInA

10 FENICE: Nucl. Phys. B, 517, 3 (1998) [9] _ Z o ]
- .« Prediction: Phys. Rept. 112, 173 (1984)[11] 7 0.06 - " BaBar ppy, (2013)[13]
|8:CD Prediction: Phys Rept. 550-551 (2015) [12] ] - Simultaneous Fit: Proton
b ] 004 n / [ — — Simultaneous Fit: Neutron—_
£ 1 - )
3 20.02 ,’ [ N o
I 1 O L) [ /+/ X I ﬂHﬂ ]
g y £ } } } ] TE B AEWARS SE Sg ent ) e i
o t $: LRI G S L
.............. LAd f o] 0020 BT -
'I"]'ﬁ i d :
-0.04 -
10—11...l.,lll.,|...l,111,1.|., N IR TSRS S SrEr RS SN R

1.8 2 22 24 26 28 3 2 22 24 26 28 3

(s (GeV) Is (GeV)

Nat. Phys. 17, 12001204 (2021) 13



Recent results of neutron EMFFs geqqn

» Compared with the FENICE results, the values for |G| from this work
are smaller by a factor of 2-3.

» Results is compared with various models: pQCD, modified dipole,
VMD and dispersion relations (DR), and DR model gives good

consistency.
y PRL 130, 157905 (2023)

0.8 0.8
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E 0.4 + ... Production threshold i) 0.4_— ------- Production threshold  —
o I Ny IS
02F t' : . 02F i
~ ~ \}_t
e i e EET g
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From nucleon to hyperon

What happens if
we replace one of the @ @ @ @
light quarks in the proton
with one - or many - Q @
heavier quark(s)? A 50
-:-. Q‘

» The hyperons can be produced in e*e- annihilation
above their production threshold

» Cross section can be obtained very close to threshold
with finite PHSP of final state

» With hyperon weak decay to B+P, the polarization of

hyperon can be measured, so does the relative phase
between G; and G,

proton

©e

16



Cross section of ete™ — 44 BESTH

e Let’ s recall the Born cross section for e*e™ — BB:

o (nb)

04—

via Energy Scan
A\

0.3f

0.1F

e

s

I

o gty

23 2.4 2.5
Vs (GeV)

PRD 97, 032013 (2018)

opp(q) =
» Coulomb factor: Charged BB: C=

ATta’C 1
e UG @I? + 516 (@)I?]

= l ___ Neutral BB: C=1

B 1-exp (- %)
» Near threshold, production cross section of neutral baryons should be zero
via ISR = 10F@ + BESIII
°I U £ 140 3 BaBar
of ORI Cob
=By < 100F ol
L L os0f ' +
00% T 60 ¥ ig
o_%.— PE— +$ 40:* ﬂ# + ke
of e, ' ‘ N © oF +
= 74 : 2.6 '2.8 3 32 2 - I2.|2I | ‘2.I4J ‘ I2.ISJ | I2.|8| | ‘é‘ I
M, - (GeV/c?) 'E (Gev)
PRD 707, 072005 (2023) PRD100,032009(2019)

« The anomalous behavior differing from the pQCD prediction at threshold is
observed

17



Relative phase of EMFFs

 |n time-like region, EMFFs can be complex
« The non-zero relative phase between G and Gy, gives transverse

polarization of hyperons

b sin 20 Im[Gz Gyl /T T /\

y — 2cin? g
|G | Tsm 0 + |Gy |2 (1 + cos?6) °1f\/

» The angular distribution of daughter baryon fron L s,
Hyperon weak decay is:

do A~
Eoc1+aAPy-q

a,: asymmetry parameter

 Anisotropic proton decay distribution

an —N°(1+ P, cos )
dcosf 2 @ata COS




Relative phase of A EMFFs

« Matrix element of ete™ - J/y — AA:

F:
M =Fy, +55q,0"ys +

- Differential cross section using spin density matrix and deca -
matrix

« A correlated 5-dim. angular distribution ¢ =
(64,05, by, 05, d5)With 4 parameters is constructed

w(f,dd»", ay,) a_,ay) =14+ atd,cosz@A

+a_a, [Sinng (n1,x;n2,x — ayNyy, nz,y) aF (COSZBA F a',p)nl'z, nz,z]

+ a_a, ,1 — ay? cos(AP) sinb,cos0,(Ny x, Nz + Ny 7 N3 x)

+ fl — ay? sin(4®) sinf,cosb,(a_ny, + ayn, )




Relative phase of A EMFFs

BESTT

@ 2.396 GeV @ 2.3864-3.08 GeV

| Energy Gegr R AD (°)
I b) 251 o eea 23864  0.1307(22)(14) 1.08(15)(03) 37(12)(01)
i sol! R BESHI"[Q’]‘ 2.3960 0.1233(13)(13) 0.91(08)(02) 42(10)(02)
0.5 Bt & Bebmpi) 2.6454 0.0586(10)(07) 1.06(16)(03) 147(13)(01)
i - 5 15[t 4 BABAR [16] 2.9000 0.0319(09)(06) 1.04(25)(03) 148(19)(01)
[ 1 \ S |l 2.9500 0.0295(22)(04) fes ‘oo
> f | O 1of: t 20810 0.0305(22)(04)
=~ 0 ol 3.0000 0.0294(25)(04)
= N i 3.0200 0.0262(23)(05)
[ N 00! 3.0800 0.0240(10)(05) 0.67(33)(03) 80(69)(02)
[ 10[; :
—0-5F I ! T
- 8| !
B =) ! I 0 * i
. - g; sl ':_+_ 6th, x” /v = 2.5|Tth, x° /v = 1.9[8th, x* /v = 1.9|
,1 405 0 05 1 é i | (NLIU Na_-;y} 7—_}&5 P Fﬁ P '."_'t* P
cosH I 4 i (0,3) [-0.125 (70)[ 57 [-0.076 (43)]]83 [-0.077 (40)| 85
! i (0,4)  |-0.109 (62)| 26 |-0.040 (30)] 12 |-0.040 (30)| 7.6
RPL 723, 122003 (20 7 9) 2|l ! (1,3)  |0.070 (30) | 8.0 | 0.031 (06) | 3.0 | 0.055 (28) | 3.8
o ! (-1,1) | 0.152 (59) | 5.0 | 0.025 (19) | 1.0 | 0.019 (16) | 1.0
|
G OI 2 4 6 8 10 12 1.
E q? (GeV?c?)
o= 0.96 + 0.14(stat.) + 0.02(sys.)
M

. . . PRL 7135, 7197902 (2025)
Ad =37 + 12 (stat.) + 6 (sys.)

(Confirm the complex form of EMFFs)
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Prediction of A EMFFs

arg(GE/ GM) (deg)

20225 230 235 240 245 250 20

DlsperS|on relations PRD 104, 775075 (2027)

PRD 103, 0714028 (202 7) PRD 700, 073007(2079}
‘ T 80 T T
FS' in vy R ' VMD model
7] 60 ® BESII

"interaction

40}

AD

20 F

sin (arg(Gr/Ga))
sin {(arg(Gp/Ga))

22 24 26 28 30
s (GeV)

sin (arg(G'r/G )
sin (arg(Gp/Gar))

q° (GeV?) ¢ (GeV?)

« Measurement of relative phase in a wide g? range would be crucial to enhance the
predictive power of various model and test its asymptotic behavior in TL.

21



Cross section of ete™ — AX% + c.c Bes

Nonzero Born cross section is observed at threshold,

72.9+12.61+5.4 pb

. . co-pB-C
Fit function 1:  o*(s) :(\[(:——ﬂcl)“”

6“()”2(13 h262

Fit function 2: o"(s) :S{ m.-r.w)} {1 N (\/E—[mf\-i-mxu)cz

l—e 70
ay

ete” = AX + c.c.

100 —e— This work

—=— BABAR
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—— Fit with pQCD
— — Fit with strong-interaction
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PRD 709,0712002(2024)
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. { ...--'-.-.-"_ db .:;‘.. _l x .l . L o d 10
o 01 0.2 0.3
Momentum of 7+ (GeV/c)
s _
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{ ® |
—e— This work

—=— BABAR
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Vs (GeV) 22



Cross section of ete™ - XX BESTT

« Born cross sections of ete™ - 2t2~, 272t 2939 are measured from threshold to
3.02 GeV

« The decay process of 2+ - pn®, 2~ - nn~, £° - yA are reconstructed
- None zero cross section near threshold observed for 2*X~, 2~X* processes

yty-—.

1.0 MeV/c?)
— %))

-y
o

Events/(
(6)}

p f Ll
!P' il

912 1.14

Am = 7.76 MeV

/s = 2.3864 Ge

(L1118
l | "wﬂl"l

1.16 18

M,. (GeV/c?)

Events/(2.0 MeV/c?)

-
o

O

4]

O

Y=yt Am = 1.1 MeV

2039 Am = 1.1 MeV

/_\20 T | T T T T
L ! T ] O B
: S [@ -
S 1sf 2.396 GeV -
S I ]
810: ]
2 | ]
o 5Ff E
> T §
L]
' N 5 805 0.10 020 0.25
. . 1.2 . . . . ] )
b uni (GeV/cY) p_. (GeVic)
3T :PLB 814, 136110 (2021) 23

YOyO-pPLB 831 137187 (2022)



Cross section of ete™ - XX BESTT

« Born cross sections of ete™ - 227, 2721 2939 are measured from threshold to 3.02
GeV

« The cross sections can be well described by pQCD-motivated functions

- /BC szB Co
= —(1+ VA (2 2(¢/A\2 2
S § (s—c)H(m? +1In"(s/Agep))

0" (s)

« An asymmetry in cross sections for X isospin triplets: 9.7 + 1.3 : 3.3+ 0.7 : 1 =>related
with valence quark?

— T T L] 1 =1
Q -
= 10° b ] StIT.PLB 814, 136110 (2021)
S S050:PLB 831, 137187 (2022)
ve] N i
S0k L

L 1 1 1 .

/s (GeV) 24



Relative phase of X" EMFFs  geqqp

« An event of the reaction ete™ - (- pn®)X~ (- pn®) is formalized by the similar joint
angular distribution.

« Polarization is observed at /s =2.396, 2.644 and 2.90 GeV with a significance of 2.20, 3.60
and 4.1¢.

« Relative phase is determined for the first time in a wide g2 range.
PRL132,0871904 (2024)

(a) -+ 2.3960 GeV = (b) 42,6454 GeV
1 2.9000 GeV
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Complete measurement of X* EMFFpesyy

G¢/Gy| and A® line-shape is compared with YY model different tendency in Ad.

« A® distribution indicates there are integer multiples of 1 radians, from threshold to

Cross point.

« The still increasing relative phase indicates the asymptotic threshold has not yet been

reached.

e

1.5

G./Gy|

This work

—l— Previous result

I YY potential model

l

AD (°)

100f

-100

PRL132,087904 (2024)
- (b)
:— L This work
a B VY potential model
24 26 28
's GeV 26



Cross section of ete - £5 BESTT

0Z0:PLB 820, 136557 (20217)
EY:PRD7103, 012005(20217)

~
-

bd
~—
-

d

» Born cross sections of ete™ —» £°5° and = sob ]
E~E* are measured from threshold to = f -0z
3.08 GeV N E

o - ]

- No significant threshold enhancement & '°F ; + "t

observed o T . ———

 The ratio of Born cross sections for [ .

both modes agrees with the © |

expectation of isospin symmetry. 1;1 2 $ + 'L'H N
= .4

R A YO tslj

s (GeV)
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Cross section of e*e™ - QQ/AA Besqq

 Born cross sections of e
energy points between +/s = 3.49 and 3.67 GeV.

te” 50Ot at 8

 No significant signal observed.
« Upper limit of effective FF is consistent with

pPQCD driven prediction.

PRD 107, 052003, 2023
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2000||||||||||||||||||||

|||||||||||||||||I|-
{ Data

— Fit result —
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’ |
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348 3.5 3:92 3:94 3:96I358

36 352 354 366 363

/s (GeV)

Cross section (pb)

e ete™ > ATYTA™" is searched with c.m.s in

2.3094 to 2.6464 GeV.

 No significant signal observed, but

signal for e*e™ - A**pr~ observed.

PRD 108, 072010(2023)
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Charmed baryons



Cross section of ete™ - A A7 BESTT

» The BESIII measurements indicate that there is indeed a stepinefe™ —
AfAZ, similar to eTe™ - pp, followed by a plateau.

PRL 7120 732007 (20178) PRLT137,797907 (2023)
€400__Ie+e —>AAI S I__I : T e'e” > AA
~ [ -e-BESIlIdata : . i 5 4 BESIII 2023
© 300 :—:Egé% clizgf:d 1 l } - 400 - 1 iﬁi?:ﬂ 2018

200 i Threshrg)]](zl © ,_l * i 4+' j @ . Threshold
i : i S

) b

V456 457 458 459 46 0
Vs (GeV) S(GeV)
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EMFFs of Af and proton  gesyn

G¢/Gy,| is consistent with 1 near production threshold
« Similar oscillation in A} |G¢/G,| distribution as proton observed

1 .
Ge/Gyl(s) = s [1 + rie 2 sin(rw)], @ =+/s —2my,
1 + W /ro
PRL131,7197907 (2023)
1.5 e'e” = AA; -
[ +BESIN 2023 — Combined fit - proton
: <-BESIII 2018 ---Monopole decrease 150
— Lo/ N Threshold  --:Damped oscillation — -
= &
O LO=Frmmmme LD o
[ N
© [
0.5—
L o
0.5 ----_-_-_ a
I 0 > —a 6 ) 10
. il | L L i i | L L i I | P P L i l A |C|2| [GeVQ]
4.6 4.7 4.8 49
/s (GeV)
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Cross section of ete™ - A7 A:™ BESTH

« ete™ -5 AT A,(2595) +c.c. and ete™ - A A.(2625)  +c.c. are measured for the
first time at c.m. energies of 4.918 and 4.951 GeV.

« Nonzero cross sections are observed very close to the production threshold.

=
S

—_
b2
=

Events / 0.003 [GeV/c?]
o0
(=)

2

PRD 109, LO7T104 (2024)

32
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VIGeF+31Gul?/ |G| 5.95+4.07 £0.15 0.94 £ 0.32 + 0.02



BEHIRE




Year

2025

2019

R EFRANEFARIRAK

More results from proton to Xic pair expected
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10 Xi0,PLB820,136557(2021)

11. Proton, PLB817,136328(2021)
12.Xi, PRD103,012005(2021)

13. Neutron, Nature Physics17,1200(2021)
14. Sigma, PLB814,136110(2021)
15. Proton, PRL124,042001(2020)
16. Lambda, PRL23,122003 (2019)
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Xi0, JHEP11,062(2024
Xi-, JHEP11,228(2023)
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R EFRREFHFIR (1)

Energy scan ete” —» BB

ISR ete™ - y,;sgBB

Effective FF G/G, | ratio Relative phase Effective FF G/Gy| ratio R;llztslze
Over 30 energy points, g € 16 energy points, q € C.ln(;.§§3(.}7e7\/3- 4'66’ 15 energy intervals,
(1.877,3.08) GeV, best (2.0,3.08) GeV, best : & q € (1.88,3) GeV,
p . . - (1.877,3.08) GeV, . -
precision: 2% precision: 3% best precision: 5% best precision: 20%
. . . 0 .
Threshold ongoing Threshold ongoing New data ongoing New data ongoing
~20 energy points, q € 5 intervals with q €
n (1.877,3.08) GeV, best (2.0,3.08) GeV, best - Ongoing - -
precision: 5% precision: 20%
Over 40 energy points, ¢ € 6 energy points, ¢ € 5 energy points, q € lg'lsrgeggg 7230_ :réf’
A (2.2324,4.6) GeV, best (2.3864,3.08) GeV, (2.3864,3.08) GeV,| . ’ &Y Ongoing Ongoing
.. .. .. . | intervals, ~500 events
precision: 2% best precision: 10%  best precision: 10 .
New data ongoing
14 energy points, q € ecrfe?-e:iltgt:ria(l}se\EZSS
AZ? | (2.3094,3.08) GeV, best Ongoing Ongoing sy events ’ - -
L
precision: 4% New data ongoing 35




RN EFEREFHRRIR (2)

Energy scan ete” —» BB ISR ete™ - y,;sgBB

Effective FF |Gp/Gy| ratio Relative phase Effective FF |Gp/Gy| ratio  Relative phase
c.m.e=3.773-4.258

8 energy points, q € 3 energy points, ¢ € 3 energy points g € GeV, 11 energy
nt (2.3864,3.08) GeV, (2.36,3.08) GeV, best  (2.3864,2.90) GeV, intervaI; 180 events Ongoing Ongoing
best precision: 6% precision: 20% best precision: 20° ’ :
New data ongoing
7 energy points, g € c.m.e—.10.58 GeV, 5
%0 (2.3864,3.08) GeV, Ongoing Ongoing energy intervals, ~20 Ongoing Ongoing

events

L
best precision: 6% New data ongoing

6 energy points, q €
X- (2.396,3.08) GeV, best - - - - i,
precision: 12%

~10 energy points, q €
20/2~ | (2.644,3.08) GeV, best - - Ongoing - -
precision: 12%

16 energy points, , ¢ € 16 energy points, ¢ € 13 energy points q €
AL (4.59,4.95) GeV, best  (4.59,4.95) GeV, best  (4.6,4.95) GeV, / / /
precision: 2% precision: 4% best precision: 4° 36
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Maximum

FhaYtLE

 HE VB FRUBHI AR FFOHEM, HBEEIRE (BTt | o=mr
RIZTRY) B RETFREFEREREER, RivErRaT e [
HYEFREX https://indico.itp.ac.cn/event/279/

* #Be*e” - yBBIIEE (KEPDIREEBUMHBIESEN) , FJLIEAEGDA (I X 7hiRiE)

M5 7IRAREF
7 /

https://indico.itp.ac.cn/event/374/
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 BESIIFFEEEEREFIUISIEGT oA, RARAR 7= BIEFRB AR E T,
57T ‘*E’J;@’\%Eq

o SLEGLERATLAGLS yﬂ]ﬂw@%ﬂ” gNChPT, VMD, YYbar model; E&FAREF
tbiEafNfEsI, FABEEKR, ﬂé’véé.‘tjl‘i’”{mﬁﬂ’]Eﬂ?EHE?Z——& Y-YbarZ& %
B EEMEEE %%éﬁ%Mﬁﬂ EFKASTWIIES

» PAMISEIR LN SITIERICHREUR H 7 Pkdk, BFREENN, DHUHIREFHIR.
FEHAZRREFLCEMBA (Thit) BEERERIIEN

- I SIEICERAYZR, MNP ZIMEHERENW

Thank you!
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