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The observed resonances in experiment differ from those
predicted by the quark model!
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Motivations

» Electromagnetic form factors(EMFFs)

v'The EMFFs are important quantities for the understanding of hadron’s
electromagnetic structure;

charge radius, magnetic momentum, charge and magnetisation densities

v'The EMFFs are sensitive to the internal structure and are helpful for
distinguishing the internal structure;

three quark, quark-diquark, multiquark,hadronic molecules

v'The evolution behavior of the EMFFs with O° can reveal the scale
dependence of effective degrees of freedom.

meson-baryon, dressed quark, current quark

2026/3/30 pcheng@mail.ahnu.edu.cn 4/22
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l. G. Aznauryan et al., Int. J. Mod. Phys. E 22 (2013) 1330015
D. S. Carman, K. Joo, V. I. Mokeev, Few Body Syst. 61 (2020) 3, 29
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Dyson-Shwinger Equations(DSEs)

> Continuum Schwinger function Quark propagator. Glion propagater:
— ol T 5@% O -
methods
v’ nonperturbative Ghost propagator:
v symmetry-preserving e = e 3 5‘?%%
» Owing to the infinite coupling Ghiost-aluonveriox -
feature, it is necessary to % %
truncate the DSEs at a certain N N % )

level for practical calculations.

Quark-gluon vertex:

C. D. Roberts and A. G. Williams, Prog. Part. Nucl. i j\
Phys. 33 (1994) 477-575. " :
C. D. Roberts and S. M. Schmidt, Prog. Part. Nucl.
Phys. 45 (2000) S1-S103.

P. Maris and C. D. Roberts, Int. J. Mod. Phys. ,
E 12 (2003) 297-365.
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Dyson-Shwinger Equations(DSEs) .

» 2n-point Green function G" obeys Dyson’s equation:
G"=G'+G'KG"
K is the n-quark scattering kernel, G('f is the disconnected n-quark propagator.

» A bound state of mass M with wave function ¥ show up as a pole in the 2n-point function, i.e.
in the vicinity of the pole G" becomes( Pis the total momentum):

o Wk Ky kW Py, Py -p,)

P’+M’
» Comparing residues, one finds the homogeneous bound state equation:
v =G, Ky

» For the Faddeev equation of three quark system, the kernel consists of three terms:
K=K +K, +K,

2026/3/30 pcheng@mail.ahnu.edu.cn 1722



Dyson-Shwinger Equations(DSEs)

v" Nucleon mass from a covariant three-quark Faddeev equation,
G. Eichmann et al., Phys. Rev. Lett. 104 (2010) 201601

v Poincaré-covariant analysis of heavy-quark baryons,
S.-X. Qin (£ F) et al., Phys.Rev. D 97 (2018) 114017/1-13

v" Nucleon Gravitational Form Factors,
Z.-Q. Yao (#kBBF) et al., Eur. Phys. J. A 61 (2025) 92/1-13

» Baryons appear as poles in the six-point Schwinger function, and their amplitude satisfy a
homogeneous integral equation-Faddeev equation.

» Direct solution of Faddeev equation using rainbow-ladder truncation is now possible, but
remains challenging problem — algorithms and numerical analysis.

2026/3/30 pcheng@mail.ahnu.edu.cn 8/22



Dyson-Shwinger Equations(DSEs) ( )

» Faddeev Equation(Quark+Diuark Framework)

> For many applications, diquark approximation Pa _, P Pa

to quark+quark scattering kernel is used =

) )
» Prediction: owing to DCSB, diquark correlations may Pq Pq

exist within baryons

Diquark correlations in hadron physics: Origin, impact and evidence
M.Yu.Barabanov, Craig D.Roberts et al. Prog.Part.Nucl.Phys. 116 (2021) 103835

» Diquark correlation

A IAB_AA L. i .
> (I_O'J P=0 +)"Sosca|ar Scalard'quark v" G. Eichmann, H. Sanchis-Alepuz, R. Williams, R.

> (I=1,)JAP=1"+):isovector-axialvector diquark Alkofer, C. S. Fischer, Prog.Part.Nucl.Phys. 91
(2016) 1- 100

v" ChenChen, B. El-Bennich, C. D. Roberts, S. M.

» (1=0,JAP=17-):isoscalar-vector diquark Schmidt, J. Segovia, S-L. Wan, Phys.Rev. D97

(2018) no.3, 034016

» (1=0,JAP=0"-):isoscalar-pesudoscalar diquark

» (I=1,JAP=17-):isovector-vector diquark

2026/3/30 pcheng@mail.ahnu.edu.cn 9/22



EMFFs of Nucleon

I (Pe P — dip d*k
» The nucleon electromagnetic interaction current: JulFp, i) = / (2m) (2m)
6
Ju(Ps, P;) = ie A4 (Pr) A,(Q, P) A+ (F;), S @ (p, —Py) Al (p, Py k, P)W(k; P,)
= ie A (Pr) [7.F1(Q%) —
+ g Our Qu F2(Q2)] A (F;),

2m

where Q@ = P, — P, is the transferred photon momentum.
F, , are the Dirac and Pauli form factors.

> Thé nucleon charge and magnetization distributions
(t = Q*/[4my]):
Gp(Q?) = Fi1(Q%) — TF,(Q?),
Gu(Q%) = Fi(Q°%) + F2(Q?). e

grams that ensures a conserved current for on-shell nucle-
ons described by thc Faddeev amplitude, ¥, calculated as

The SU(Z)F isospin Iimit iS used: mu = md' described in Sect. 2. Legend. single line, dressed-quark prop-

agator: uni:h!m; line, electromagnetic probe; I', digquark
correlation amplitude; double line, diquark propagator: and
x. seagull terms.

2026/3/30 pcheng@mail.ahnu.edu.cn 10722




EMFFs of Nucleon

» The unamputated photon-quark vertex satisfy a Ward-Takahashi identity:

i(€1 — €2)uxpu(l1,42) = S(l2) — S(4)

P, [ = N\ P
the following Ansatz for the vertex, expressed in terms of quantities already === | -
specified in dress quark propagator: —O—

X,Lb(els EZ) — y,uzcrv + 2%[)’ ’ ZAO'V - iAch] O'J.rrry |
iy %[Sl =Sy - Cyuy L=y - Lyuy - £l4qy,
— [s2 — s2]opnly Aoy M. Ding, K. Raya, A. Bashir, D. Binosi, L. Chang, M. Chen,

4 %[1 + s3]y - €0,y Agy, C.D. Roberts, Phys. Rev. D 99, 014014 (2019)

¢=1[l1+£]/2,£=4¢ —t,and, 512 =1—512

r = 5[F(£3) + F(£3)], g
F =3 o I i ; si = a; + b; exp[—}“E(ﬁ)/MqE].
Arp = [F(y) — F(£5)]1/1¢7 — 651,
E@)/M; =1+ /2M;)'/* —1.

2026/3/30 pcheng@mail.ahnu.edu.cn 11/22



EMFFs of Nucleon

»The photon-diquark vertex satisfy a Ward identity:
QuXy (b1, 65) = | A" (B) — A (B)| Fie(@®) Fucl@®) =

» The photon- scalar diquark vertex:

1+ 2712,

Xﬂ+(€1;€2) = —2k, A zo+ (01, 03) Foe(Q?)

» The photon- axialvector diquark vertex:
1

Xows (01,02) = — | 2605, A1 (€3, 63) + — (8ualipAl () + 8,plaa A" (£2))
1=+
2
+—5—Loal1plu An1 (6, 65) | Fou(Q?) + £(Qp0ua — Qadpus) At (63, 65)
1+
. . 1%
» The photon-scalar-axialvector diquark vertex: A);'“
~ 1 I)/ ,.‘ + - +‘ + ' P{
thl((l‘ (2) l—ﬂ;;((1 ly ) = T hsnFen((u) )C",‘n;)/\[lll-:QA E L LR ==
N “

2026/3/30 pcheng@mail.ahnu.edu.cn 12/22



EMFFs of Nucleon

»The coupling of photon to diquark amplitude:

4k, — Q P
X O) = pepet B (—Q/2) —T7 (k
41‘# T QN JF JP
L‘( ]. ) - 2 _I. v
+ %010 | (k+Q/2) (/w)d | 7

»The parameters are chosen by reproducing selected results from 3-body
analyses of nucleon elastic electromagnetic form factors:

a a» as by b> b3

0.17 1.47 -0.93 1.03 —0.17 1.61

rec/fm ray/fm
0.31 1.05

Z.-Q. Yao, D. Binosi, Z.-F. Cui, C. D. Roberts, arXiv:2403.08088
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EMFFs of Nucleon

Table 2 Calculated results for Q2 ~ 0 (static) properties of
nucleon electromagnetic form factors. Also listed, for compar-

ison, results obtained using the ab initio three-body approach
[25] and experiment [74, PDG].

riftm® L M2 wig/fm® 72, M%7 p
0.67° 4022 0677 4.02° 2.80
—0.29% —1.732 0.72° 4.30° -1.86

p
n

[25] » 0.892 4237 0822 39127 223
n
p
n

herein

—0.25%2 —1.19%2 0.812 3.87% —1.33

0.842  4.002 0.852 4.052 2.79
—0.34% —1.622¢ (0.862 4112 -—-1.91

[74, PDG]

[25] Z.-Q. Yao, D. Binosi, Z.-F. Cui, C. D. Roberts, arXiv: 2403. 08088.

[74] S. Navas, et al., Review of particle physics, Phys. Rev. D 110 (3) (2024) 030001.

2026/3/30 pcheng@mail.ahnu.edu.cn

Magnetic moments:

pn = G(Q° =0).

Radii:
(2 AN _ Yl Gy (@)
E, M ng '
Q%=0

()" = —6GE(Q*)| g2=0

P. Cheng, et al., arXiv: 2507.13484
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EMFFs of Nucleon
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EMFFs of Nucleon

1.0}« . Jones :
« Gayou
0.8} . Punjabi
% + Puckett10
%\D 06 » Puckett17
%-:’u 3-bod
| ~ - 3-body 1
$04 o H1 3-body 2
H 2
0.2t
0.0t .
0 2 - 6 8 10 12
x=Q%/m},
v A zero in GP: q(qq) herein 3 — body

2026/3/30

SPM?2 10.147. 22

/ +3.35
SPM1 11.44F3:35

pcheng@mail.ahnu.edu.cn

+1.90
9-47 0'92

10.85 558

P. Cheng, et al., arXiv: 2507.13484

16/22



https://arxiv.org/abs/2507.13484

EMFFs of Nucleon (.
0.8 v v e e e e . .
o R i v The results are consistent with
. ey Yo Kelly o T the trend of the experimental
0.6 e Riordan ---. 3-body 2 - . o data
ffg ........... S v Regarding comparison with the
P O 3-body analyses, deviations
gru become evident on x = 5.
-~ v" Finding no zero crossing in Gz
onx < 15.
8 10 12
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EMFFs of Nucleon

F;'LZZFf:’)_FF?v

F?:PZ)+2P?1

|
{
1
1
4
4
4
1

v The analysis predicts that
F& exhibits a zero:

x=5.80702

oveeeeweeww close to 3-body’s results:

0.0f —
0.3 | - x~6.5
— H1 | ' —_H1

» e :(B:—body | ~ 3-body

;{,02 » Cates 3_ ; | . C . .

s w02 " v The analysis predicts that
o 03}~ F& doesn’t exhibits a zero.
b L2 : -04} N | | | o

0 2 & 6 8 10 12 0 2 B 6 8 10 12
x=Q%/m} x=Q/m, P. Cheng, et al., arXiv: 2507.13484
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EMTFFs of A(1700)3/2~ @)

> The ' N — A(1700) transition current:
JH;‘-(P:* Q) — A—F(Pf)RJ\Q(Pf)iFﬂH(KJ Q)A—I-(Pi):

Am 1 18 2.
Fau(Ka Q) — K— [ % Mf)”jgau'yéK'de ( — G )7;%7;1; - ;_SmGZ‘QaK/.L]
Withf( —PT“,PTM TQP B, =—={ P Q)Qu,Kg—l—Q2 and K_ = +/(3/2) mA/mN—l
¢ = Q /[2ZAN] /\:;: = q + ti/[QEAN] l":t - (TTZA :l: 7TLN , \/)\4_ g EAN P mA - mN,
2 2

AAN = MA — my.

» The helicity amplitudes can be expressed in terms of the multipole form factors:

42 1 v [ : 1 > [ ):
Aa(Q°) = ~ g [GE(@)-363(@). 5@ =~ Z'Ich,C.<Q2).
) V3
"“‘3/‘2((2-) = 41— [ (() ) + G} M (2 ]
B

with  the quantum electrodynamics fine structure constant, K = (m, —m3)/(2m,), and the
V(O + (my + 1))’ WD + (my —m1y)°)

2m,

magnitude of the photon three-momentum being |a| =

2026/3/30 pcheng@mail.ahnu.edu.cn 19/22



EMTFFs of A(1700)3/2~
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v' On x = 2, the predictions
agree well with data,
which indicates that there
is also a significant meson
cloud effect in the region
X < 2.

P. Cheng, et al., arXiv: 2512.09160
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Summary and Outlook @5

» Developing a refined symmetry preserving current for electron + nucleon
elastic scattering, our g(qq) picture agreement with available data;

» We predict a zero in G’; atx = Q%*/m,* = 11; the absence of such a zero
in G¢; azeroatx =~ 5.8 in the proton’s d-quark Dirac form factor.

» Using the refined symmetry current to study the EMTFFs of A(1700)3/27,
the predictions agree well with data on x = 2, which indicates there is also a
significant meson cloud effect in the region x < 2.

2

» We plan to extend the above analysis to other nucleon resonances.

» Based on the above analysis, we will further consider the contribution of
the meson cloud.
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Summary and Outlook @5

» Developing a refined symmetry preserving current for electron + nucleon
elastic scattering, our g(qq) picture agreement with available data;

» We predict a zero in G’; atx = Q%*/m,* = 11; the absence of such a zero
in G¢; azeroatx =~ 5.8 in the proton’s d-quark Dirac form factor.

» Using the refined symmetry current to study the EMTFFs of A(1700)3/27,
the predictions agree well with data on x = 2, which indicates there is also a
significant meson cloud effect in the region x < 2.

» We plan to extend the above analysis to other nucleon resonances.

» Based on the above analysis, we will further consider the contribution of
the meson cloud.

Thank you for your attention!

2026/3/30 pcheng@mail.ahnu.edu.cn 22/22



