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1. Introduction

. FSI plays important role to describe the re-scattering
of hadrons

= The Born term could be ‘enhanced’ by FSI
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= Baryon inner structure?

= EIC, EicC: 3D structure of proton?
= Mass, spin,radius?

= EMFF: the inner structure of baryons?

* Threshold enhancement?

! EicC white paper,

Front.Phys.16 (2021) 6, 64701




Strategy

= New insights in strong interactions?

Something New?

EMFFs, etc.

So———(———1

NN, AA..

hadron-hadron interaction



_ 27 N scattering amplitudes

= SU(2) NN scattering amplitude
= elastic NN Scattering: E.Epelbaum et.al., EPJA51 (2015) , 53
= pion(s) exchange: NN ChiraéT+G-parity
= LECs of contact term: to be fixed by data

= annihilation: unitarity, fit to the data
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- ChEFT
= Up to N3LO, in time ordered ChEFT:

= only irreducible diagrams contributes

* Lippmann-Shwinger equation

LO X ______ | Dai, Haidenbauer, Meissner,
JHEP 07 (2017) 078
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= pion(s) exchange potentials:
Viz(q) 94 )2 l_r"irﬂ)r_ﬂﬂ'rqﬂ'z*q
=% 2F, 2m= . q- + M:
Vo, = V[:+T1-TQL'V{,‘+[V5+T1-T2LV5] 0'1-J2+[VT+T1-T2HFT] o-qoy-q
+ [VLS +T1-To W’—Lg] i(ﬂ'1 +a9) - (q x k) :

= Fourier transformation: change it into corordinat
space to do regularization "~

Volg) = 4 [ F{r) Ve(riolar)ridr
]

000151

Vs(g) = 4w [ fir) {VSfr}jn[*;rr] t lf%Ia*hj-:-[trr]I) ridr, =
0 ﬁ I
; = ™. o : < 0.0010F
Vit = f £(r) Vir(r)ia(ar)r2dr je A
q 0 > _
S dr [~ R .9 ,
VaL(g) = ?jl; J(r) Veg(riji(grir-dr. 0.0005




ChEFT: potentials

= Contact terms: short distance

V(18) = Cig, + Cig (5" + 07) + Dlig v + D, (5 + 1Y),
V(*S1) = Csg, + Cag, (0% + 07) + Dlag o' + D55, (6" + 1Y),
V(IA) = Cip, pr + Dip 00 (0° + 17,
V(*P) = Csp, pr + Dap pr'(p* +57),
V{*R) = Cap o’ + Dag pr(n® +77),
V(*R) = Csp, pp' + Dap pr (P2 + 77,

VED - 38) =C., p” + D\, p%? + D2, 1,

V(s — *D1) = C., p° + Dl p'p? + D1,

= Non-local regularization
1.p) = oxp -2t
= Annihilation terms: short distance physics, around

1 fm or Iess the same form as that of
_____—— contact terms

‘:'um i"lp'h +X (:.\' 11 NN

Ignore the transition between
annihilation channels
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= Lowest partial wave
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Observables

= Cross sections
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Why SU(3) ChEFT

= SU(2): so far, so good, but
= only pion exchanges
= only works for nucleons

= SU(3) G-parity transformation is not OK as kaon
does not have definitive G-parity

= Direct calculation of BB scattering
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SU(3) ChEFT

= Fit results
= Phase shifts
= Cross sections
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= Angular distributions also help to

fix partial wave amplitudes

LO NLO
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ChEFT+OGE?

0.2

proton & BABAR 2013

-l BESIIl 2019

—&— BESIII 2020

—@— BESIII 2021

- = ChEFT+OGE
Fractional Oscillator

0.0 '.‘ 4 I,

0.3

0.2

q > g > q
q < < q
neutron SND 2019
—l- BESIIl 2021
—@— SND 2022
— — ChEFT+OGE
Fractional Oscillator

Vs (GeV)

20 2.4 28 3.2

Consider one-
gluon exchange
potential in the
high energy
region

It can reproduce
the fractional
oscillations.

An efficient way to
describe the
strong interaction
In both low energy
region and high
energy region?

Yang, Guo, Dai, et. al., Sci.Bull. 68 (2023) 2729;



3 EMFFs of nucleons

= CMD-3 has excellent measurement in low energy region
= BESIII's high statlstlcs measurements
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= To analyze ee—NN, we need to consider FSI
= Distorted-wave Born approximation (DWBA):

dpp 1
fu (ks Ex) = fr( /ﬂ)+Z/ 2n) 2Ek—2E n o7 LLL (P, ki Eie)

J"\" J‘V : f\"
’\IO< ) m< | w\< ' >O<
. I .
N N | N

SU(3) ChEFT: Yang, Dai, et.
al., Sci.Bull. 68 (2023) 2729;

= Vector meson dominance: 3S,-3D;,

SU(2)ChEFT: J.Haidenbauer, X.-W.
Kang, U.-G. Meil3ner, NPA 929
(2014) , PRD91 (2015) 074003.



— =

EMFFs of nucleons

= NLO result of SU(3) ChEFT.
= Combining proton’s and neutron’s.

= Relation between amplitudes and EMFFs

= M & 1 2M
NN _ N n _ 1 _ 2MnN
o =Gum+ 75 Gg, Js 5 (GM 7 GE)

= Relation between EMFFs and physical observables

1 8 = : AM?
=2 _ Z20(s) ||GN(5)P(1 + cos? ) + —N
df} s 5

|G (s)]° sin? !5']



Modulus: |Gg|=|Gy|at
threshold, and will restore
In high energy region

Phases:

= An overall phase is
unobservable

= relative phase chenges
rapidly near threshold
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Oscillation

= Effective EMFFs Goa(s)] = Bt s ki)
ekt o 4?2 2M2
= Subtracted form factors
A A
Gosc = Ge — G , Gp — p ’ Gn — n
#) = |Genl =& (). o) = G —srge P T T s/ap
D'znll proton LO @ BABAR 2013 LEL neutron SND 2019
0 NLO W BESII 2019 0.25 W BESII 2021
0.15 - Lo & BESHI 2030 & SND 2022

= PLD @ BESI 2021
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Oscillation

= We propose a fractional oscillation model

GCJ)\‘TSC( ~) Gosc 1( ) T Gosc 2(p)a

GN GUN w? PHpo ~ N o —lGN A\t
OSC,j( ) osc,j F(ijv) : (p_l_pO T ) osc,g( )

= (Qscillation behavior of SFFs

proton Fractional Oscillator neutron SND 2019
= = ChEFT 0.31 & BESII 2021

0.2 = Fractional Oscillator
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= = ogverdamped
proton —— underdamped

0.2 1

§
1
1
I
I
1
|
|
11
|
I
I

0.3

I
I
I
I
1
|
1
0.21 1
1
1
1
1

011 3y

\

0.0

0] f o= —

72000 2400 2800 3200 2000 2400 2800 3200
Vs (MeV) Vs (MeV)

The ‘overdamped’ oscillator dominates near the threshold. It
reveals the enhancement near threshold.

The ‘'underdamped’ oscillator dominates in the high energy
region. The proton’s and neutron’s has a ‘phase delay’.
Other dynamics? Cao, J.P. Dai, Lenske, PRD 105 (2022) 7, L071503, etc

Qian, Liu, Cao, Liu, PRD 107 (2023) 9, L091502;
Yan, Chen, Xie, PRD 107 (2023) 7, 076008



overdamped oscillator
octupole?

underdamped oscillator
quadrupole?

sy

l<a) <2 o2=123 ap=104 of=ap=187

= Vacuum polarization around th€ nucleon

= Two limits of fractional oscillators: 1 for diffusion and 2 for
wave equations of motions.

= Distributions of higher order polarized charges.

Yang, Guo, Dai, et. al., Sci.Bull. 68 (2023) 2729;



D(r) (fm™3)

D(r) (fm~3)

10t

proton dipole neutron
- = pverdamped
=+ underdamped
total
100 1 100 1
0 T mwrwr - 04
0.1 0.2 0.3 0.4 05 0
0.15 0.15
dipole
proton = = overdamped
= underdamped
0.10 e 0.10

0.05 1
0.00 4

—-0.05
0.

0.05 1

0.00 -

" rtfm)

2.0

0.05

1.5 2.0

Proton: valence
quarks of uud;
Neutron: udd

negative
polarization electric
charges for the
proton, when not
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positive polarization
for the neutron

It explains the phase
difference!



= 4. EMFFs of other baryons

= NN-YY potentials given by Juelich model
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= |Ge/Gy|: a cusp effect is found in ee-->2.29 near 22-threshold,
but not in the 22*channel

= A more profound derstandinqu in pp — 22



Haidenbauer et.al.,

PRD103 (2021) 014028,
PLB761 (2016) 456

= Oscillation?

A.X. Dai, Li, Chang, Xie,
CPC 46 (2022) 073104;

= Ratio and phase by BESIII
= The enhancement around threshold?
= Above 2.4GeV?
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0 No enhancement around 2.4GeV
= EMFF: qualitative similar to the AA channel's
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= only has data of upper limit
= FSI effects for Z= too strong?

= Exp measurement in 2.65-2.8GeV cou

0257

020

arg(G,/G, ) (deg)

Id help a lot.
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Individal EMFFs of A,

= Effective form factors for LO, NLO from ChEFT

= Cutoff independent.
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Yan, Cheng, et.al., PRD46 (1992) 1148
Zou, Liu, Liu, Jiang,PRD108 (2023) 014027
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Guo, Yang, Dai, arxiv:2404.06191
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= Contact term: essential for threshold enhancement
= S-wave contribution is significant!

= Annihilation term: crucia

® BESINI 2023
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5. EMFF summary

SU(3), up to N3LO, ChEFT works well at P, ,,<300 MeV.
N Amplitude Consistent with the exp’s. SU(3), include other Baryons,
but need more measurements on hyperons.

E' We study the oscillation of EMFFs of nucleons within SU(3)
=IVIFESIGIAN ChEFT. A fractional oscillation model is proposed, polarized

charge density distributions?

% We study e+e— —YY processes close to the theshold.The
EMFFs are predicted, it still lacks of measurements. BESIII?
Also EMFFs of A,

£<10) ChEFT + OGE to study NN scatterings?
‘ EMFFs of other baryons and resonances within ChEFT?
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