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Hadron structures



Traditional way of a hadron structure

H(p)

H
0(p0)

Traditional way of studying structures of hadrons

�, W±, Z0, · · ·

Possible probes: 
photons, W, Z bosons, mesons, nucleons......

Understanding the internal structures of hadrons H  
in terms of form factors



Modern understanding of a baryon structure

5D

3D

1D

State of the art of the nucleon tomography
Figure taken from Eur. Phys. J. A (2016) 52: 268 

Today’s topic to discuss



2 Generalised Parton Distributions
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Figure 2.1 | A simplified sketch of the different phenomenological observables and their
interpretation in the infinite momentum frame: a | The form factor as a charge density in
the perpendicular plane (after a Fourier transform, Sec. 1.2). b | A probabilistic interpre-
tation for GPDs in the case of vanishing longitudinal momentum transfer, ξ = 0, with a
resolution ∼ 1/Q2. c | A parton distribution for the forward momentum case (Sec. 1.3).
For a detailed explanation see text. [Pictures inspired by [17]]

(conventionally the z-direction) they can be seen as Lorentz contracted ‘discs’ rather than
spherical objects.1 We will later argue that this infinite momentum frame is necessary for
the GPDs. For the moment, we thus think of a two-dimensional distribution with respect
to b⊥ in the transverse plane, sketched in Fig. 2.1.a. The z-direction is also suppressed in
favour of the fractional (longitudinal) momentum x of the partons.

The second process led to parton distribution functions (PDFs) q(x) with the momentum
fraction x carried by the parton. They give the probability of finding the parton q with
this momentum inside the hadron and they are sketched in Fig. 2.1.c. One can also give a
resolution ∼ 1/Q2 that can be resolved inside the hadron. So for different Q2 partons of
a ‘different size’ can be probed, consequently the parton content of the hadron changes.

To achieve a deeper understanding of the distribution of the quarks inside the hadron, it
would be nice to combine the two cases, i.e. know the distribution in the transverse plane
for quarks with a given momentum fraction. This is exactly one interpretation of GPDs.
During the discussion of the form factor and the PDFs, we already mentioned the similarity
of the matrix elements appearing in Eqs. (1.5) and (1.10). The initial and final states of
the two processes differed only in their momenta (after applying the optical theorem).
There are indeed processes with different asymptotic states that can be related to the two
aforementioned, thus coining the term generalised distributions. We will later consider
the problems arising from the complete freedom of the two momenta. For the moment,
note that a density interpretation is possible if the longitudinal momentum transfer ξ
vanishes. A Fourier transform of the remaining transverse momentum transfer then yields

1Neglecting relativistic corrections, this would not be necessary for the form factor where we have elastic
scattering with momenta down to zero.
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Transverse densities 
of Form factors GPDs

Nucleon Tomography
Structure functions
Parton distributions

Momentum fraction

Modern understanding of a baryon structure

3D Nucleon Tomography



Probes are unknown for Tensor form factors 
and the Energy-Momentum Tensor form factors!

Form factors as Mellin moments of the GPDs

Modern understanding of a baryon structure

B
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Baryon as Nc quarks 
bound by 

the pion mean fields



Mean-Field Approximation

Mean-field potential that is produced by  
all other particles. 

Simple picture of a mean-field approximation

Nuclear shell models
Ginzburg-Landau theory for superconductivity
Quark potential models for baryons



Mean-Field Approximation
More theoretically defined mean fields

S[�]Given action,

�0
�S

��

����
�=�0

= 0 : Solution of this saddle-point equation

Key point: Ignore the quantum fluctuation.

How to understand the structure of Baryons,  
based on this pion mean field approach.



A baryon can be viewed as a state of Nc quarks bound  
by mesonic mean fields (E. Witten, NPB, 1979 & 1983). 

Its mass is proportional to Nc, while its width is of order O(1).
Mesons are weakly interacting (Quantum fluctuations are  
suppressed by 1/Nc: O(1/Nc).

Meson mean-field approach (Chiral Quark-Soliton Model)

Baryons as a state of Nc quarks bound by mesonic mean fields. 

Key point: Hedgehog Ansatz

⇡a(r) =

⇢
naF (r), na = xa/r, a = 1, 2, 3
0, a = 4, 5, 6, 7, 8.

It breaks spontaneously SU(3)flavor ⌦O(3)space ! SU(2)isospin+space

Baryon in pion mean fields

Se↵ = �NcTr ln (i/@ + iMU�5 + im̂)
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Merits of the Chiral Quark-Soliton Model

Baryon in pion mean fields

It is directly related to nonperturbative QCD via the Instanton vacuum. 

⇢ ⇡ (600MeV)�1
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Natural scale of the model given by the instanton size:

Fully relativistic quantum-field theoretic model (we have a “QCD” vacuum):  

It explains almost all properties of the lowest-lying baryons. 

It describes the light & heavy baryons on an equal footing  

(Advantage of the mean-field approach) .

Basically, no free parameter to fit the experimental data. 
Cutoff parameter is fixed by the pion decay constant, and  
Dynamical quark mass (M=420 MeV) is fixed by the proton  
radius.   



HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 

Baryon in pion mean fields



HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 

Baryon in pion mean fields



HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 

Baryon in pion mean fields



sea
levels:

energy
increases

valence
level:

energy
decreases

system is stabilized

HChK et al. Prog. Part. Nucl. Phys. Vol.95, (1995) 

Baryon in pion mean fields



hJBJ†
Bi0 ⇠ e�NcEvalT

B B

Presence of Nc quarks will polarize the vacuum or create mean fields.

Nc valence quarks Vacuum polarization or meson mean fields

A light baryon in pion mean fields



⇠ e�EseaT

⇠ e�NcEvalTB B

Classical Nucleon mass is described by the Nc valence quark energy  
and sea-quark energy.

Ecl = NcEval + Esea

�Ecl

�U
= 0 Mcl P (r) P(r): Soliton profile function  

 or Soliton field

A light baryon in pion mean fields



An observable for the light baryon

18

Valence part

Sea part



EM Form factors  
of  

the Baryon decuplet



Traditional definition of form factors

H(p)

H
0(p0)

Photons Charge & magnetic  
densities

�
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Neutrino or PV electron scattering

Axial-Vector properties

⌫, ePV
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No probe for the tensor 
& EMT (grav.) form factors!

hB(p0, s)|eBJµ(0)|B(p, s)i = �eBu
↵(p0, s)


�µ

⇢
FB
1 (q2)⌘↵� + FB

3 (q2)
q↵q�
4M2

B

�

+ i
�µ⌫q⌫
2MB

⇢
FB
2 (q2)⌘↵� + FB

4 (q2)
q↵q�
4M2

B

��
u�(p, s),
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New Definition

Generalized 
Parton Distributions

Generalized 
Form factors

Melin transform

Transverse  
charge densities

Quark probabilities inside a nucleon

2D Fourier transform

Moving direction of the nucleon



Transverse charge density

q(x, b) =

Z
d
2
q

(2⇡)2
e
iq·b

Hq(x,�q2)

Why transverse charge densities?

x

y

z

�(b�)

b�

x

y

Moving direction of the nucleon

2-D Fourier transform of the GPDs in impact-parameter space

⇢(b) :=
X

q

eq

Z
dxq(x, b)

=

Z
d2q

(2⇡)2
F1(Q

2)eiq·b

It can be interpreted as the 
probability distribution of a quark in 
the transverse plane.

M. Burkardt, PRD 62, 071503 (2000); Int. J. Mod. 
Phys. A 18, 173 (2003).



EM Form factors of the baryon decuplet

Matrix Elements of the EM current in terms of four independent  
form factors 

hB(p0, s)|Jµ(0)|B(p, s)i = �u↵(p0, s)


�µ

⇢
FB
1 (q2)⌘↵� + FB

3 (q2)
q↵q�
4M2

B

�

+ i
�µ⌫q⌫
2MB

⇢
FB
2 (q2)⌘↵� + FB

4 (q2)
q↵q�
4M2

B

��
u�(p, s),
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GB
E0(Q

2) =

✓
1 +

2

3
⌧

◆
[FB

1 � ⌧FB
2 ]� 1

3
⌧(1 + ⌧)[FB

3 � ⌧FB
4 ],

GB
E2(Q

2) = [FB
1 � ⌧FB

2 ]� 1

2
(1 + ⌧)[FB

3 � ⌧FB
4 ],

GB
M1(Q

2) =

✓
1 +

4

5
⌧

◆
[FB

1 + FB
2 ]� 2

5
⌧(1 + ⌧)[FB

3 + FB
4 ],

GB
M3(Q

2) = [FB
1 + FB

2 ]� 1

2
(1 + ⌧)[FB

3 + FB
4 ]
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Sachs-type form factors: Multipole form factors

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



EM Form factors of the baryon decuplet

Physical meanings of the multipole form factors

eB = eG
B
E0(0) = eF

B
1 (0),

µB =
e

2MB
G

B
M1 =

e

2MB

⇥
eB + F

B
2 (0)

⇤
,

QB =
e

M2
B

G
B
E2(0) =

e

M2
B


eB � 1

2
F

B
3 (0)

�
,

OB =
e

M3
B

G
B
M3(0) =

e

M3
B


eB + F

B
2 (0)� 1

2
(FB

3 (0) + F
B
4 (0))

�
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J.-Y. Kim & HChK, EPJC, 79:570 (2019)



EM Form factors of the baryon decuplet

Expressions for the multipole form factors 

GB
E0(Q

2) =

Z
d⌦q

4⇡
hB(p0, 3/2)|J0(0)|B(p, 3/2)i,

GB
E2(Q

2) = �
Z

d⌦q

r
5

4⇡

3

2

1

⌧
hB(p0, 3/2)|Y ⇤

20(⌦q)J
0(0)|B(p, 3/2)i,

GB
M1(Q

2) =
3MB

4⇡

Z
d⌦q

i|q|2 q
i✏ik3hB(p0, 3/2)|Jk(0)|B(p, 3/2)i,

GB
M3(Q

2) = �35MB

8

r
5

⇡

Z
d⌦q

i|q|2⌧ q
i✏ik3hB(p0, 3/2)|

 
Y ⇤
20(⌦q) +

r
1

5
Y ⇤
00(⌦q)

!
Jk(0)|B(p, 3/2)i
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Note that in any chiral solitonic model M3 form factors turn out to  
vanish. It implies that M3 form factors must be tiny.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)

» T. Ledwig & M. Vanderhaeghen, Phys.Rev. D79 (2009) 094025 
in an SU(3) symmetric case within the same framework. 



Valence & Sea contributions
E0 form factor of the Delta+ Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Valence & Sea contributions
E0 form factor of the Omega- Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Valence & Sea contributions
M1 form factor of the Delta+ Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Valence & Sea contributions
M1 form factor of the Omega- Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Valence & Sea contributions
E2 form factor of the Delta+ Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Valence & Sea contributions
E2 form factor of the Omega- Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Effects of SU(3) symmetry breaking
E0 form factor of the Delta+ Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)

Almost no breaking 
effects



Effects of SU(3) symmetry breaking
E0 form factor of the Omega- Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Effects of SU(3) symmetry breaking
M1 form factor of the Delta+ Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Effects of SU(3) symmetry breaking
M1 form factor of the Omega- Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Effects of SU(3) symmetry breaking
E2 form factor of the Delta+ Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)

Sizable effects from  
SU(3) symmetry breaking



Effects of SU(3) symmetry breaking
E2 form factor of the Omega- Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Comparison with the lattice data
E0 form factors Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Comparison with the lattice data
M1 form factors Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Comparison with the lattice data
E2 form factors Lattice data: Alessandro et al.

J.-Y. Kim & HChK, EPJC, 79:570 (2019)



Multipole pattern in the transverse plane

Preliminary results (J.-Y. Kim & HChK)
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S? = cos�S êx + sin�S êy
<latexit sha1_base64="/Ny0TToIs04yCaqk4dSQ9aAb8l8="></latexit>

Transverse spin of the Delta

b = b(cos�bêx + sin�bêy)
<latexit sha1_base64="gcTg1Yzyx0vjTeYxMWVE9kr0x9A="></latexit>

Radial vector in the transverse plane

Transverse charge density

Carlson & Vanderhaeghen, PRD 100 (2008) 032004 



Multipole pattern in the transverse plane
Preliminary results (J.-Y. Kim & HChK)�+
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EM transition form factors of the decuplet

EM transition FFs provide information on how the Delta looks like. 

Carlson & Vanderhaeghen, PRD 100 (2008) 032004 

EM transition FFs are related to the VBB 
coupling constants through VDM & CFI.

Essential to understand a production  
mechanism of hadrons.



Delta-N transitions
Coulomb form factors



Delta-N transitions

M1 form factors



Delta-N transitions
E2 form factors



Delta-N transitions
C2/M1



Delta-N transitions
E2/M1



Gravitational Form factors  
of  

the pion & Nucleon



Gravitational form factors
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Graviton: To weak to probe the EMT 
structure of a hadron
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= 0
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Given an action,

or

�S = 0
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under Poincaré transform



Gravitational form factors

Gravitational or EMT form factors  
as the second Melin moments of the EM GPD

⇥1 = �4AI=0
2,2
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⇥2 = AI=0
2,0
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: Mass form factor

: Shear force and Pressure

: Angular momentum
Stability of a particle: 
von Laue condition

Mechanics of a particle

M.V. Polyakov & P. Schweitzer, Int.J.Mod.Phys. A33 (2018) 1830025.



Stability
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Pion: The stability is guaranteed by the chiral symmetry and  
its spontaneous breakdown 

Nucleon: The stability is guaranteed by the balance between 
the core valence quarks and the sea quarks (XQSM). 

H.D. Son & HChK, PRD 90 (2014) 111901

Pauli principle

Vacuum polarization (pion clouds)

K. Goeke et al., PRD75 (2007) 094021



EMT form factors of the pion
With effects of SU(3) symmetry breaking included



d1 form factors of heavy baryons



Summary & Outlook



Summary & Outlook

In this talk, we have presented results of series of recent  

works on the EM form factors of the baryon decuplet.  

We briefly have discussed the gravitational form factors of 

the pion, nucleon, and heavy baryons.

Pion mean-field approaches indeed work for  
the lowest-lying baryons.



Outlook

How to go beyond the mean-field approximation:  
Meson-loop corrections (RPA-like) 
Momentum-dependent dynamical quark mass (relatively easy) 

How to introduce the quark confinement as a background field.

Theoretical Extension: 

Phenomenological Extension:

Describing excited baryons with new symmetry  
(hedgehog symmetry): smaller groups than SU(6) x O(3). 
GPDs and TMDs for excited baryons?



Hamlet Act 2, Scene 2 
by Shakespeare

Though this be madness,  
yet there is method in it.

Thank you very much for the attention!


