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@ @ ® Nature's most fundamental bound state;
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Proton

@ @ ® Nature's most fundamental bound state;

® Proton(p): u+ u+d
® Neutron(n): d+ d+ u
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Proton

® Consists of three valence-quark and infinitely
many gluons and sea-quarks.

Image by Daniele Binosi
https://arxiv.org/pdf/2403.08088.pdf
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Proton

® Consists of three valence-quark and infinitely
many gluons and sea-quarks.

® The nucleon bound-state problem can be
addressed by three-quark six-point Schwinger
function.

® Continuum Schwinger function methods
(CSMs)...Dyson-Schwinger equations(DSEs)
provide a widely used approach to Schwinger

Image by Daniele Binosi H
https://arxiv.org/pdf/2403.08088.pdf fu nction.
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CSMs: Gap Equation - one quark

¢ Dressed quark propagator

S~H(p) = iy - pA(p?) + B(p?)
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i = ECT*
CSMs: Gap Equation - one quark = A
[Fgghl IN NUCLEAR PHYSICS AND RELATED AREAS

¢ Dressed quark propagator

S (p) = iy - pA(P®) + B(p?)
® Gap Equation
9 Al A

_ . &
S7H(p) = Loty p+ Zumt®® + 73 / #g Dy (p — Q)?VMS(Q)EFV(% D).
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i =5 |EST:
CSMs: Gap Equation - one quark = A
gg{}lgézg IN NUCLEAR PHYSICS AND RELATED AREAS

¢ Dressed quark propagator
S (p) = iy pA(p®) + B(p?)

® Gap Equation

B , & A% A“
Sp) = Zoiy - p+ Zam + B | L Du(p — ) 5 7uS(0) 5T (4, ).
(2r) 2 2
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® Mesons appear as poles in the 4-point
Schwinger function;
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® Mesons appear as poles in the 4-point
Schwinger function;

® Mesons amplitude satisfy a homogeneous
integral equation ... Bethe-Salpeter
equation (BSE).
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CSMs: Bethe-Salpeter Equation - two quarks 30< e
BRUNO KE

® Mesons appear as poles in the 4-point
Schwinger function; I(p; P) = /K@’ QS (¢)T(g; P)Sb(q_)
® Mesons amplitude satisfy a homogeneous E

integral equation ... Bethe-Salpeter
equation (BSE).
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® Mesons appear as poles in the 4-point
Schwinger function; [(p; P) = /K(p, 9)S%(q.)T(g; P)S"(q-)

® Mesons amplitude satisfy a homogeneous E
integral equation ... Bethe-Salpeter
equation (BSE).

e P2 — —m? is total momentum. m is the

meson mass. p(q) is relative momentum P
between valence quarks. =
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CSMs: Faddeev Equation - three quarks

® Baryons appear as poles in the
six-point Schwinger function.

=-5§

FONDAZIONE
BRUNO KESSLER

ECT*

EUROPEAN CENTRE
FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

E-mail: yao.zhaogian@gmail.com

6/20



] =5 ECT
CSMS: Faddeev Equatlon - three quarks FOND?IO %ESEEQ‘;EEEEEJEEE;EMTEDAREAS
BRUNO KE

® Baryons appear as poles in the
six-point Schwinger function.

® Baryons amplitude satisfy a
homogeneous integral
equation...Faddeev Equation
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® Baryons appear as poles in the
six-point Schwinger function.

® Baryons amplitude satisfy a
homogeneous integral
equation...Faddeev Equation
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(?)

VU 45ep(p, ¢, P § U sop(p ¢, P)

\IJE?)BCD(pv q, P) = /k K pp (k)Saran (k1) Spr g (k2)
X ‘IJA”B”CD(p(g)a 9(3)7 P)a

o
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IN NUCLEAR PHYSICS AND RELATED AREAS

® Baryons appear as poles in the
six-point Schwinger function.

® Baryons amplitude satisfy a
homogeneous integral
equation...Faddeev Equation

e P2 — —m? is total momentum of
system. m is the baryon mass. p
and q are relative momentum.

U pen(p, ¢, P Z v on(p,a P)

\Ifffécp(p, q, P) :/k K pp (k)Saran (k1) Spr g (k2)

X ‘IJA”B”CD(p(?))a 9(3)7 P)a
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CSMs: Faddeev Equation - three quarks

®* Faddeev Amplitude

1
\IIABCD(p7 q, P) = Z wgﬁyl(]% q, P) ® ngcd ®
p=0
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CSMs: Faddeev Equation - three quarks

®* Faddeev Amplitude
1
\IIABCD(p7 q, P) = Z wggyj(ﬁ% q, P) ® ngcd
p=0

® the color term GL\/% fixes the baryon to be a color singlet;
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* Faddeev Amplitude

1
€
Vanco(p. 6 P) = | S vhsa(p 0P @ Flyy | © 2,
p=0

® the color term GL\/% fixes the baryon to be a color singlet;
® the flavor terms F”, . are the quark model SU(2) representations.
F? : mixed — antisymmetric, F! : mixed — symmetric;
FO F!
(udu — duu) - (2uud — udu — duu)
(udd — dud) (udd + dud — 2ddu)

NigER
S-S
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CSMs: Faddeev Equation - three quarks = AN

IN NUCLEAR PHYSICS AND RELATED AREAS

* Faddeev Amplitude

1
€
Vanco(p. 6 P) = | S vhsa(p 0P @ Flyy | © 2,
p=0

® the color term GL\/% fixes the baryon to be a color singlet;
® the flavor terms F”, . are the quark model SU(2) representations.
F? : mixed — antisymmetric, F! : mixed — symmetric;
FO F!
P (udu — duu) - (2uud — udu — duu)
n  —=(udd— dud) —=(udd+ dud— 2ddu)

=SH
5

)
S

° zﬁgﬂ,ﬂ is the spin-momentum Faddeev amplitude.
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IN NUCLEAR PHYSICS AND RELATED AREAS

e Spin-momentum Faddeev amplitude

It can be expressed in terms of the basis X; ,3,7(p, ¢, P) which satisfy the
orthogonal relation

1 .
1 TrXigasr Xjapme] = 0

reading
wa/@ryj b, Q7 ij p (12 20)21722 Zaﬁ’yZ(p7 q, P)7
f? (to be determined) depend on the five Lorentz-invariant variables.

v & w=prqr;, 1=p - P; »=79-P.

E-mail: yao.zhaoqian@gmail.com 8 /20
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® The dominant contributions to
Vi 5,z(p, ¢ P) are given by

St =A 0 Ay

1
At = —=7177A+5CQ v yTA 4.
+ \/§75'7T +75 V5V TA+

0.08
0.06
A_|_(P) — %(1 + - P) is the 004
nucleon’s positive-energy 00
projector. 0.00p S
0.0 02 04 06 08 10 12 14 0.0 05 1.0 15 20
p/GeV p/GeV

First four Chebyshev moments in the variable z; of the dressing functions
evaluated at ¢ = 0. All the amplitudes normalise by f%+ (p=0).
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IN NUCLEAR PHYSICS AND RELATED AREAS

Electromagnetic currents:
The nucleon electromagnetic current has the following form(N = p, n)

(@) = i (@ + D g g (g

Q = py— p; is the incoming photon momentum. F{\{2 are the Dirac and Pauli form
factors.
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IN NUCLEAR PHYSICS AND RELATED AREAS

Electromagnetic currents:
The nucleon electromagnetic current has the following form(N = p, n)

Fy(Q?)

WUW Q") A+ (pi)

Q) = iy (p) (FL (@)™ +

Q = py— p; is the incoming photon momentum. F{\{2 are the Dirac and Pauli form
factors.
The charge and magnetisation distributions are (7 = Q*/[4m3]):

GY=F—7FY, GY=FN+F.
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Electromagnetic currents

[Tnlis =

n'n.
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Electromagnetic currents

e I', is the dressed-photon+quark vertex.
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IN NUCLEAR PHYSICS AND RELATED AREAS

Electromagnetic currents

e I', is the dressed-photon+quark vertex.

® The complete current has three terms: J,(Q) = > ,_; 53 J3(Q).
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Electromagnetic form factors Moment and radii = A N

herein Exp. SPM
[y 2.23 2.793
[in —-1.33 —-1.913
(r2)P 0.788 0.7070(7)  0.717(14)
(ry"| —0.0621 —0.1160(22)
(r2 )P 0.672 0.72(4) 0.667(44)
(r2)m 0.661 0.75(2)

FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

Magnetic moments:

v = Gy(Q* = 0).
Radii:

<T%MN——GW

) ) - 2 )
dQ o

(rp)" = —6GE (@) g2—0
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Electromagnetic form factors Moment and radii

herein Exp. SPM
[y 2.23 2.793
[in —-1.33 —-1.913
(r2)P 0.788 0.7070(7)  0.717(14)
(ry"| —0.0621 —0.1160(22)
(r2 )P 0.672 0.72(4) 0.667(44)
(r2)m 0.661 0.75(2)

® The magnetic moments are ~ 25% small.

- %
L D ( 5{&:&!;9‘”&

FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

Magnetic moments:

v = Gy(Q* = 0).
Radii:
N 2
(= -6 ea @)
5 dQ2
Q*=0
(r5)™ = —6GH(Q)] g20
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- =5 [ECr
Electromagnetic form factors Moment and radii = A N

herein Exp. SPM
[y 2.23 2.793
[in -1.33  -1.913
(r2)P 0.788 0.7070(7)  0.717(14)
(ry"| —0.0621 —0.1160(22)
(r2 )P 0.672 0.72(4) 0.667(44)
(r2)m 0.661 0.75(2)

® The magnetic moments are ~ 25% small.

® |t is worth highlighting the prediction
(rg)? > (13)?

accords with SPM analyses of existing
form factor data.

FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS

Magnetic moments:

pn = G = 0).
Radii:

(2 N 6d1nGgM(Q2)
E, M

) ) - 2 )
dQ o

(rp)" = —6GE (@) g2—0
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A B

@ Anington & ® Arington
® Faddeev equation predictions
for each nucleon form factor.

Qe G * G%(Q?) is difficult to explain
c D because of its sensitivity to
" g rue | R details of the neutron wave
s
® Zhu 0.8 = Kubon ] .
o S o s function.
';é 004 % b > g\::::
@ © Geis
® Riordan
0.02]
ol | ==
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Q%1GeV? Q%/GeV?
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i 2 2 :D< EOPE:NI—(:TRE
Electromagnetic form factors ;,G%(Q%)/Gh(Q?)

1.0[ 4 1 ;
‘%9@ © Jones e (* <4GeV? directly calculated results agree well
8 ® G ] . .
% ﬁ% < Punjabi with experiment.
G osl '@$ A Puckett (2010) ]
o= v  Puckett (2011)
2 o4l
e
3 °
< 00
—02l \
045 2 4 6 8 10 12

Q2%/GeV?
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Electromagnetic form factors ;,G%(Q%)/Gh(Q?) ~14 T

IN NUCLEAR PHYSICS AND RELATED AREAS

1'°"\%9@ © Jones 1o @ < 4GeV?, directly calculated results agree well
Rt % M gﬁ;‘éa 1 with experiment.
G osl ad A Puckett (2010) ]
5 °° ¥ v Puket@01) @ (2 > 4 GeV?, two sets of SPM results:
& " (/) independent SPM analyses of G%, ,;
o 02} . . ;
¢ . (/1) SPM analysis of the ratio 1, G%/ G,
onl \ ® Both methods yield compatible results and agree
with all available data within mutual uncertainties.
045 2 4 6 8 10 12
Q%/GeV?
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Electromagnetic form factors zeros
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=-5§

1014
‘@\E‘@ ©® Jones
08} & Gayou

= © = Punjabi

G osf A Puckett (2010)

E= v Puckett (2011)

Q o4}

&

9, 0.2

Qg .2

GQ.

I 00 f \
-0.2 B
-0.4 .

0 2 4 6 8 10 12

Q%/GeV?

FONDAZIO! IN NUCLEAR PHYSICS AND RELATED AREAS
BRUNO KE
— ® proton
. 2 _ +1.68 2
SPMI: Q0o = 8371580 GeV?,
. 2 _ +2.09 2
SPM I Qe = 9597583 GeV2.

The averaged result: Q%, =8.867)3 GeV>.
E
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IN NUCLEAR PHYSICS AND RELATED AREAS

® proton
1.0
. +1.68 2
SPM I Gt —zero = = 8.377 g GeV~,

—~ 0.8 1
¢ . 2 _ +2.09 2
= SPM I P —zero = 9.597 5 g5 GeV~©.
9 0.6
G
04 0 ¢ / The averaged result: Qsz yero = 8.8675 90 GeV?,
< E
= 0.2 ®<é‘

: ® Madey

" @ Riordan | neUt.ron . .
UYE, ‘ ‘ ‘ ‘ ‘ .1 No signal is found for a zero in

TP e T GHQD)/ Gl(QY).
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® The flavour separation of the charge and
magnetisation form factors (e, = 2/3, eq = —1/3):

2.0f4

/2 PU d _ d "
Gl = e, GY' + e GY B = e,Gly + eqGh'.

—— wGEIG,
=== u,GLIGH

0.0t,

Q%/GeV?
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Electromagnetic form factors Flavour separation 3< T e

FON INNUCLEAR PHYSICS AND RELATED AREAS
BRUI

® The flavour separation of the charge and
magnetisation form factors (e, = 2/3, eq = —1/3):

2.0f4

D U d o d U
Gl = e, GY' + e GY B = e,Gly + eqGh'.

|® G possesses a zero becazllse G’/ Gh, falls with
increasing > whereas G%'/G" is positive and

05| 1 GLIGE approximately constant.
- == 1,GEIGhH
0.0, .
0 2 4 6 8 10 12

Q%/GeV?
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Electromagnetic form
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2.0f4

057 = u,GEIGH,
- == pGLIGH
0.0, L
0 2 4 6 8
Q%/GeV?

® The flavour separation of the charge and
magnetisation form factors (e, = 2/3, eq = —1/3):

U d d U
Gl = e, GY' + e GY B = e,Gly + eqGh'.

|® G possesses a zero because G4/ Gh, falls with

increasing (> whereas G%d/ G4, is positive and
approximately constant.

® (', does not exhibit a zero because ¢, > 0,

GP4/GP is large and positive, and |eqG2"| is always
less than euG%d.
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factors Flavour separation
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A

© Q%FIGeV?
& Q2F{iGeV?

Q%/GeV?
0.2 %
@
o 0.1 &
>
S
9 ooffp—
< R
2 o' Ry
o
& —ozfr K @
) L © QFUIGeV?
S %@ & Q2FfIGeV?
-0.4

0 2 4 6 8 10 12 14
Q%GeV?

® The flavour separation of the Dirac and Pauli
form factors:

Fif =28 +

F-F+

with, 1=1, 2.
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A

© Q%FIGeV?
& Q2F{iGeV?

Q%/GeV?
0.2 %
®
o 01 &
>
>
9 oo —
< S
= -0af! %
PR
& 02ft K @
< Ve © Q’FYIGeV?
= %@ & Q*FfIGeV?
-04
0 2 4 6 8 10 12 14
Q%GeV?

® The flavour separation of the Dirac and Pauli
form factors:

=2/ +

oy
with, 1=1, 2.
® A zero is projected in FY at

; = 5.737 (40 GeV™.

Fii —zero

This matches the result in the quark+diquark
picture : @ = 7.070 ] GeV?,

E-mail: yao.zhaogian@gmail.com

17/ 20



= ECT*
Summary DN | o
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* Electromagnetic form factors G% ,,

. - cted in (P (2 _ g ga+193 2
a zero is predicted in Gy G2 —zero 8.86" 555 GeV~.

® (% does not exhibit a zero.
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IN NUCLEAR PHYSICS AND RELATED AREAS

* Electromagnetic form factors G% ,,

R - cted in (P (2 _ g ga+193 2
a zero is predicted in Gy G2 —zero 8.86" 555 GeV~.

® (% does not exhibit a zero.

. d
* Flavour separation F}’;

® 3 zero is predicted in F‘li: %d I 5.73'_%’38 GeV?.
- )
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Based on Faddeev equation, we can study
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IN NUCLEAR PHYSICS AND RELATED AREAS

Based on Faddeev equation, we can study

® baryon electroweak form factors, nucleon gravitational form factors;
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Based on Faddeev equation, we can study
® baryon electroweak form factors, nucleon gravitational form factors;

® spectrum/structure of octet baryons;
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Based on Faddeev equation, we can study
® baryon electroweak form factors, nucleon gravitational form factors;
® spectrum/structure of octet baryons;
® PDAs/PDFs of baryons;
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IN NUCLEAR PHYSICS AND RELATED AREAS

Based on Faddeev equation, we can study

baryon electroweak form factors, nucleon gravitational form factors;

spectrum /structure of octet baryons;
PDAs/PDFs of baryons;

hybrid meson......
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Appendix

® The key element is the quark+quark scattering kernel, for which the RL
truncation is obtained by writing:

B0 = G B[ Tl o (12)

g/w(k) = é(y) Tm,(k), (1b)

K Ty (k) = K20, — kuky, y= k.1, s, t, u represent colour, spinor, and flavour
matrix indices.
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Appendix

- 82 o 872y mF (1)
— 27 Dey/w 2
G(y) = g De +ln[7+(1+y/Aécn)Q] : (2)

where v,,, = 12/25, Aqcp = 0.234GeV, 7 =e? — 1, and
F(y) = {1 —exp(—y/A?)}/y, A; = 1 GeV. We employ a mass-independent
(chiral-limit) momentum-subtraction renormalisation scheme.

Contemporary studies employ w = 0.8 GeV. With wD = 0.8 GeV® and renormalisation
point invariant quark current mass m, = mg = 6.04 MeV,

m; = 0.14 GeV;,
my = 0.94 GGV;
fr = 0.094 GeV.
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Electromagnetic form factors ;yGN(Q%)/GY(@%)

® In isospin symmetry, the flavour separation of the
charge and magnetisation form factors (e, = 2/3,
€qd — —1/3)2

Gl = e, GY' + edG%d, = euGY 44 ey G

RS /JpGE/GA‘;
- qué’/Gn‘}

0.0

Q%/GeV?

23 /20



Electromagnetic form factors ;yGN(Q%)/GY(@%)

® In isospin symmetry, the flavour separation of the
charge and magnetisation form factors (e, = 2/3,

€q = —1/3)2

/2 PU d _ pd U
G = ey GP 4 eqGlY Gl = ey GU + eGP

20

------
-------------

® GY, possesses a zero because G’/ Gh, falls steadily
with increasing () whereas G%d/ G4, is positive and
approximately constant.

RS /JpGE/GA‘;
- - ua2IGh

0.0

Q%/GeV?
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Electromagnetic form factors ;yGN(Q%)/GY(@%)

® In isospin symmetry, the flavour separation of the
charge and magnetisation form factors (e, = 2/3,
€qd — —1/3):

20

D _ PU pd _ pd PU
______________ GE = euGE + edG s G% = euGE + edGE .

® GY, possesses a zero because G’/ Gh, falls steadily

with increasing () whereas G%d/ G4, is positive and
approximately constant.

—— GGl
=== u,GLIGH

0.0

0% JGeV? ® (G does not exhibit a zero because ¢, > 0,
G/ GP s IargS and positive, and |e;GY'| is always
less than e, G
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Flavor amplitudes

state Fay Fag
P %(udu — duu) %(2uud — udu — duu)
n %(udd — dud) % (udd + dud — 2ddu)

Table: Baryon octet flavor amplitudes; we define A\; oAz := A\ ® Ay ® A3, and, uf := (1 0),
dt = (01).

24 /20



	CSMs
	Electromagnetic form factors
	Acknowledgement

