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@ Introduction Rz BRAFE > HEFF |
@ Internal Structure of Nucleon — #R (T - RT)

@ Methods and Experiments for Proton EMFFs

e Baryon EMFFs in Time-Like Region A chi-long stick, cut in half every day,
will never be exhausted in myriad ages.
® Nucleon EMFFs — “Chuang-Tzu - All-Under-Heaven”

@ Hyperon EMFFs | by Chuang Chou |

© Summary and Outlook

Or «Fr«=r «E> E= DaC
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Introduction Internal Structure of Nucleon

Experiment of Electron Proton Scattering

T T T k'=(E" K')
ELECTRON SCATTERING '
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@ The differential cross section of ep scattering
indicates that proton is not charged point-

CROSS SECTION IN CM2/STERAD
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MOTT CURVE- R like particle,
- s .
1073 :?\\ ored(€) @ The shape (or internal structure) of proton
EXPERIMENTAL CURVE” Sy TNy might be described by the form factors.
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Electromagnetic Form Factors of Proton

Elastic
Scattering
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Internal Structure of Nucleon

i
X

i
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Spin-% baryons: two form factors
Assuming one photon exchange:
2 . .
M= _%/eng
Hadronic current:
v
Jh=a(pa) [y Fi(d®) + XZ quz(flz)]u(lJl)

i
X

Sachs form factors:
Ge(q*) =Fi(q ?)
Gm(q®) = Fi(q?) + KFz(tIZ)

A
>

A
Xr

Elastic scattering: e"p —e ™ p
Space-Like (SL) region:
~ -2E,E/(1 -cosf,) <0
Annihilation: ete” < pp
Time-Like (TL) region:
G =s=M;,>0

« is the anomalous magnetic moment
o

F = E =
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Introduction Methods

Measure the Form Factors at an ete™ Collider

2
=1_42
x=1 5

Energy Scan

Initial State Radiation
Vs discrete fixed
L low at each beam energy high at one beam energy
OTpp 71'(1/2 d D
o | sl = HECIGUP (1 + cos? 0) B = LW (s, ) 03(4)
m2
+4q—2‘°|GE|2sin20] W(s,x) = ﬂ—(ic(lnmig -1)(2-2x+x?)
q° single at each beam energy /f/rom threshold to s
BESIIL, CMD-3, ...

BaBar, BESIII, Belle, Belle-1I, ...
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Introduction Methods

BESIII Spectrometer on BEPCII

. ( MUC
vers Sl | ’ e 1o semor~3em
sc (

Solenoid % < 2.5%/VE,

Barrel L 5d ~ 0.6VE cm

b <N,y . ( ToF )
— s ot ~ 70 ps (Barrel),
‘ =) ' 5t ~ (110)60 ps (Endcap)
= e '
' — MDC
BESIII detector: 93% coverage 6(dE/dx)

J/

9
\Fp < 0.5%, dEax < 6%
[\/5 ~2.0 (1.8) - 4965 GeV, £ ~1.0x10% cm=2s~! (design)]
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Methods
Electron Positron Annihilation Data at BESIIT

2

10— ——————————— 3 . ..
g uds ] Physics Quantities Measured
[ @ L 3 loop pQCD ]
10 Naive quark model = . . ) . — . 1
E P ” 1 o Differential cross section of e*e™ — BB (spin-3):
I — do ko ¥ ] 2
r 1 dogp na?BC 2 2 4m 2 qin2
s - Tl = o [IGMm|= (1 + cos=0) + qulGE| sin” 4],
; : 14 points ~110 pb’i ;
0L G o et USRI RSN | o Electromagnetic form factors (EMFFs):
E ' ne 1.84-1.97 GeV: 13 points ~25 pb~' [ .
F measurements 1 |Ggl. |Gwm| and relateiv phase A® (Im [GeGy,])
o0 ] El> MM p S EMMI)
0.5 1 15 2 25 3
7 : — — — . . .
& Data 14 BGeV): 30 ponts <15 ﬂ’c‘ ] o Effective FF (total cross section):
6 Mark-I = |G | _ 27|Gp |>+|Gg[?
- [4230. 11fb- ],e[4680. L6m') | =N 2
S E PLUTO = i
ol * Crystal 15‘“1['/’(41*0?{31“’ 1 e Polarization of hyperon is self-analyzing:
F T ‘K_A; sin203Im|[Gg (s)G, (s)]/VT
i F3770): 20 b E]w j 1 Py=- — M,
s [ J‘ | | o H\}JH‘ i E |GE(s) |7 sin” 0/ 7+|Gp(s) |* (1+cos* 0)
r Pt Loyl [ \}‘ Scan Data 1
v | dol i ﬁb i ]
2 - | I ‘ “\ 3.85-4.59 GeV: 104 points ~800 pb~' g
e : == !

o = = = = DA
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Nucleon EMFFs

Baryon EMFFs

Proton Electromagnetic Form Factors

o(e’e” — pp) (pb)
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[-@? Phys. Lett. B 817 (2021) 136328}

@ Proton EMFFs have been measured through both direct annihilation and ISR return

methods: PLB 817 (2021) 136328, PRL 124 (2020) 042001 and PRD 99 (2019) 092002,

@ Wide ¢ region from the pp threshold up to 14 GeV?2,

Gg

@ Most precise measurements on the ratio ( —MI) at 2.125 GeV with direct annihilation,

G

@ Measurements of proton EMFFs below 4 GeV? through ISR-tagged method.

Dexu Lin (IMP)

Baryon EMFFs

direct annihilation
2.00 - 3.08 GeV
ISR return
th. - 3.8 GeV
(by data at v/s > 3.773 GeV)
= = =)» E= DA
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https://doi.org/10.1016/j.physletb.2021.136328

Nucleon EMEES
Neutron Electromagnetic Form Factors

0.8 0.8, " a ot b o7
=+ BESII {ihis wark) « BESII (vhis wirk) . .
(a) et ™ () crome ]
0.6 - Mudfed Dipole [38] 0.5] Modifed Dipole [38] b sND* sND*
WD [39] wnn [39] R 1 T 1 » sND™ o5 » snp™
. OR Mainz Moded [40] | o DR Mainz Model [40] iy l
w 04 Procctian threshaki =04 % Praduction threshokd z ts t s 04r
L o b e wE Hhr v Zos|
02 . | ! hi ] I
' | ]‘ dope . sk . + oz My J\
ol b Fatoe D . ) "'—'.—-_-'--:-_-9._.._',__. o ifﬁi o1t "',",
18 2 22 24 26 28 3 08 72 22 24 25 28 3 # L e
5 (Gev) 15 (GeV) 18 20 22 24 26 28 30 %% 20 22 24 26 28 a0
{5 (Gev) Vs (Gev)
H(e) L TLIG s werk) 1\('31) . TL 16, fhis work)
\ [r@ Nat. Phys. 17 (2021) 1200}
« 5L G Warld Doty . + 5L G, World Data
@ High precision of the neutron EMFFs measurements in
a wide ¢ region,
3 - -3 .
oz 4 6 8 w2z a "o 2 4 6 8 1w iz 14 e Very difficult to select the pure neutral final states,
|q?| (GeV?) |q°| (GeV)

o First time ever to extract the individual |Gg| and |Gy|
of neutron in TL region,
First measurements for |Gg| and |Gy @ Direct annihilation with data at /s = 2.0 - 3.08 GeV.
of neutron in TL region

5 Phys. Rev. Lett. 130 (2023) 151905 |
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https://doi.org/10.1103/PhysRevLett.130.151905
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Baryon EMFFs Nucleon EMFFs

Nucleon Pair Production through the e*e~ Annihilation

a b o008
e BEAN s BESIE a7
1 ¥ .
WoE Ei’i‘jin 0.06 ¥ BaBar ppyg, iref. "
Predcton™ 0 e Simuttaneous it proton
0.04 — — Simultaneous fit neutron

—oo2H 7

-0.04

1.8 20 22 24 26 2.8 30 24 26 28 30

(s (Gev) [-@ Nat. Phys. 17 (2021) 1200} [sigev)

@ The coupling strength of y*pp and y*nii is varied with different /s, which is differed from any
naive prediction models,
@ Oscillation of residual |Geg| observed in neutron with a phase orthogonal to that of proton.

=] F = = =
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Baryon EMFFs Hyperon EMFFs

From Nucleon to Hyperon

e Difficult to measure the hyperons EMFFs in the
Space-Like region due to the unstable of hyperon
either as target or beam,

@ Access their EMFFs in the TL region via pair
production of hyperons in the e*e~ annihilation,

@ Advantage: self-analyzing of the polarization of
hyperons,

sin203m |G (s)Gy (s) ] /VT
|Ge(s) | sin* 0/ 7+|Gyi(s) | (1+c0s? )

o Extract the relative phase between Gg and Gy of
the hyperons,

@ The threshold is accessible benefited the decay of
the hyperons.

P, =

[ Nuov Cim A 109 (1996) 241 }
fqe
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https://doi.org/10.1007/BF02731012
https://doi.org/10.1103/PhysRevD.99.056008

EMFFs of A Hyperon at BESIII

o

do/dcose (a.u.)

051

cosB

Baryon EMFFs Hyperon EMFFs

05

cost

ole'e—sAR) (ph)

ks

o The EMFFs of A hyperon are studied through direct annihilation
and ISR (tagged) methods at BESIII,

@ The cross sections (effectiv FF) are measured in a wide ¢® range, 2.2324 - 3.08 GeV
@ The ratio and relative phase of A EMFFs at /s = 2.396 GeV:

|| = 0.96 % 0.14 £0.02, AD = 37° £ 12° £ 6°.

4001
It —+— This work
—s— BESIN (2019)
1 BESII (2018)
00 —&— BaBar
—— DM2,
| — e
— W
2004 ] Threshold
100
0
2 1
1] !
3 : :
24 26 28 3 32
M, ; (GeV/c?)

direct annihilation

ISR (tagged) return
th. - 3.0 GeV
(by data at v/s > 3.773 GeV)

& Phys. Rev. D 97 (2018) 032013 | |5 Phys. Rev. Lett. 123 (2019) 122003 |

& Phys. Rev. D 107 (2023) 072005 |
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https://doi.org/10.1103/PhysRevLett.123.122003
https://doi.org/10.1103/PhysRevD.107.072005
https://doi.org/10.1103/PhysRevD.97.032013

Baryon EMFFs Hyperon EMFFs

EMFFs of X Hyperon at BESIII
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Is (GeV) Is (GeV) M,.c [GeVic?]

w Phys. Lett. B 814 (2021) 136110} [-@ Phys. Lett. B 831 (2022) 137187} [-@ Phys. Rev. D 109 (2023) 034029}

e Isospin triplet of strange hyperons: X~ (dds), *(uus) and X°(uds),

@ EMFFs of all the three hyperons are measured via direct annihilation,

@ An ISR measurement is also performed for the X* EMFFs study,

@ Cross section for the isospin triplet roughly: (9.7 +1.3) : (3.3+0.7) : 1.

Dexu Lin (IMP) Baryon EMFFs

direct annihilation for * and X°
2.3864 - 3.02 GeV

ISR (untagged) return for X*
th. - 3.0 GeV
(by data at /s > 3.773 GeV)

[m] =l =
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https://doi.org/10.1016/j.physletb.2021.136110
https://doi.org/10.1016/j.physletb.2022.137187
https://doi.org/10.1103/PhysRevD.109.034029

Baryon EMFFs Hyperon EMFFs

Determine the X" (uus) EMFFs Completely

1F
3 x ,:.L,:L * 2.9000 GeV
> ] ! =‘L L

o 2.3960 GeV
2.6454 GeV

= e a==
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cos6 coso
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L | L]
L Fo|
100
2k ol
= [ “ > [ } + +
0 —
ow [ e O
o | o I e BESI solution |
- 4 -100F | o BESIII solution Il
o - }é BESII 2021
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5 Phys. Rev. Lett. 132 (2024) 081904 |
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Baryon EMFFs

W) o« Folé) + aFs(é)
+aran [ﬂ (&) + VT = @Pcos (AD)F5 (£) + (rFﬁ((f)]

+V1 = a2sin(AD) [—a1 F3(€) + axFa(§)]

@ Joint angular distribution in the reaction
of e*e™ — T2 (— papn?),
o Unpolarized, correlated and polarized,

8 @ Determine the ratio and relative phase

of 2* EMFFs for the first time.

[m] =l = =

= Dac
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Baryon EMFFs Hyperon EMFFs

Cross Section and Effective FF of E Hyperon — Two Valence s-Quarks

TT T T[T T T T[T T T T[T T T T[T TTTT AN RN R R
o -7 — I .
s | ’ wzog | o oab -
Tof T s 1 e Cross sections of e*e™ — EE are
o 1 c:!‘] 2 ¢ l i+ 7] measured via direct annihilation with
o | { ™ 7 1
2 - S IO ! } data at = 2.644 - 3.08 GeV,
= i : TR T | +1 ¥ ata at /s €

T o — .. .. .
a H{WHH{HHE.‘HWHH l},}}}}H}}HHIHH‘H}H o Limited statistics for the points close
215k 49 to the threshold,
z ] =9 ]
ﬂ 10:— + E ;ﬁ F ol + l+ 1 @ The ratio of Born cross section and
T sb b [RUE=Cy) W S + 1.4 [1  effective FF (Geq) of the two channels
o F § ségy L . l T are within 1o of the expectation of
i,: of g é__OS— ] isospin symmetry.
ou, (Dw t L1l | |- ‘ L1l I | - ‘ L1l

-llllJIIJ\lllllllllllllll-
'5.6 27 28 29 30 3.1 26 27 28 29 30 3.1
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{-@ Phys. Lett. B 820 (2021) 136557} {-@ Phys. Rev. D 103 (2021) 012005} e e
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https://doi.org/10.1016/j.physletb.2021.136557
https://doi.org/10.1103/PhysRevD.103.012005

Hyperon EMFFs

EMFFs of Q Hyperon — Three Valence s-Quarks
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@ Hyperon €: three valence s-quarks and spin-3 baryon, [r@ Phys. Rev. D 107 (2023) 052003}

e Four FFs to describe the y*Q~Q* vertex, electric charge (|Ggo|), magnetic dipole (|Gu|)),

electric quadrupole (|Ggz|)), and magnetic octupole (|Gwmz|)),

T
e

@ Upper limits of effective FF are obtained from the measurements of e*e™ — Q™ Q" with
data at v/s=3.49 - 3.67 GeV. .
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Baryon EMFFs Hyperon EMFFs

EMFFs of the Lightest Charmed Baryon A,

[ ete’ - ATA; T T 7 T T T T i T T T
L T zgg}g ;gfg 100 j?v?D;t'a AR (2595) +c.c. (a) 7] 9 150 :_e;eﬁ : :;K;-(:s::‘)rw.c. (b) 1
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b _ o + Jr‘% = ! é 50-_ _
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, T EESHI208 —Monopete decrease | @ Cross section, FFs (|Gg|, |Gum|) and their ratio (GM) of charmed baryon
- YN Threshold  -=Damped oscillation A, are extracted with data at \/s = 4.64 - 4.95 GeV,
1.0
S\‘:" @ Oscillation of energy-depended ratio is observed for the first time,
05 . ) @ Measurement on e*e”™ — AFA:(2595)7 (A.(2625)7) +c.c. is
T performed, final states have different spin combinations: %% and %%,
1
46 47 48 49 @ Sign of the angular parameter @, is flipped between two very close

75 (GeV) oo s _
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Hyperon EMFFs
The Status of the Baryons EMFFs

2 i (= Natl. Sci. Rev, 2021, Vol. 8, nwab187] i Besil |
D 10° oo oa0tpcy = nfi BESIII 3
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Lee = G
i p
10 . ﬁl LTS & %, Many measure-
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. }
10 E } t ﬁﬂ * I i 4
i PR
U3 { Ii\ E
: ‘ I .
0.0 0.5 1.0 Difficult to
p=\1-aMi/s measure
Status .
Channel Scan ISR Experiments
PP *%*k* | *%%* | BESII BABAR, CMD-3 No data available
nii * %k X BESIII, SND
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) * %k k %% | BESII, BABAR, CLEO-c Upper limits
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AcAe *k * BESIIL, Belle 1I o & = =, =
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Summary

Summary and Outlook

e BESIII is collecting the world largest e*e™ collision data in the 7 — charm region,

e Electromagnetic form factors are studied for nucleons, hyperons, charmed-hyperon,

e Many fruitful physics results are obtained for the EMFFs through direct annihilation
and ISR return Methods,

e Full picture of the hyperon EMFFs can be determined by the benefit of their
self-analyzing polarization (relative phase of EMFFs),

o Results as strong inputs to understand the structure of baryons: threshold effect,
coupling strength (y*NN, y*XX) and oscillation behavior of residual effective FF,

e Current results are still limited by the low statistics for most of the measurements,

e More results from BESIII are expected soon, including low energy data (below 2
GeV) and 20 tb~! (3770) data for ISR analyses.
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|
Early Cross Section and Effective FF in Time-Like Region

CMD-3
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Early Measurements of the Proton FFs in Time-Like Region
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