
Hyun-Chul Kim

Department of Physics, Inha University 
Incheon, Korea

Transverse structure of the Nucleon

5th Japan-Korea PHENIX/sPHENIX/EIC Collaboration Meeting

Oct. 12, 2019@Sejong Univ, Seoul



Spin structure  
of  

the Nucleon



Naive Understanding of the Nucleon Spin

Figure taken from Eur. Phys. J. A (2016) 52: 268 
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A nucleon consists of  
two up and one down quarks. 
Nucleon spin: 1/2 
Quark spin: 1/2

Nucleon spin should come from  
the three quarks:

Picture  
in the NRQM



Spin Crisis in 1988

�⌃ ⇠ 0.15
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What’s wrong with the NRQM?
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Sea-quark polarization



Spin structure of the nucleon

�⌃|DIS = 0.33� 0.36
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Aidala etal, RMP, 85, 655 (2013)

The quark content of the nucleon spin: max(40 %)

Where does the nucleon spin come from?
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Gluon content Angular momenta

One VI direction of hadronic physics in the future



Spin structure of the nucleon
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NRQM NPQCD

Figure taken from Eur. Phys. J. A (2016) 52: 268 



Transversity of the nucleon
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⇠ Tensor charges

• No explicit probe for the tensor charge! Difficult to be measured. 

• Chiral-odd Parton Distribution Function can get accessed via the SSA of 
SIDIS (HERMES and COMPASS).  

[16] M. Anselmino et al.  Nucl. Phys. B, Proc. Suppl. 191, 98 (2009)

[21] M. Goeckeler et al., PLB 627, 113 (2005) 



Modern Understanding of 
the Nucleon



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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a | Form factor
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b | GPD, ξ = 0
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c | Parton density

0
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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.

10

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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Nucleon 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 we can understand the structure of baryons,  
based on this mean field approach, 
this is the subject of the present talk. 



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

24

Valence part

Sea part



EM Form factors  
of  

the Nucleon



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
<latexit sha1_base64="Te540YqEjCcwXkT0R8r6RjzRgnY=">AAACBHicdVBNTwIxEO3iF+IX6tFLIzHxQEgXQfRG9OIREwETdkO6pUBD213brgnZcPUveNW7N+PV/+HVX2KBNVGiL5nk5b2ZzMwLIs60QejDySwtr6yuZddzG5tb2zv53b2WDmNFaJOEPFS3AdaUM0mbhhlObyNFsQg4bQejy6nfvqdKs1DemHFEfYEHkvUZwcZKvifjIvSKtJs0WpNuvoBKqIZOkQstmcGSc+RWK1XopkoBpGh0859eLySxoNIQjrXuuCgyfoKVYYTTSc6LNY0wGeEB7VgqsaDaT2ZHT+CRVXqwHypb0sCZ+nMiwULrsQhsp8BmqBe9qfinF4iFzaZ/5idMRrGhkswX92MOTQinicAeU5QYPrYEE8Xs7ZAMscLE2NxyNpTvz+H/pFUuuSel8nWlUL9I48mCA3AIjoELaqAOrkADNAEBd+ARPIFn58F5cV6dt3lrxkln9sEvOO9fegqYQQ==</latexit>

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



Traditional definition of form factors

Up
Down

Proton Neutron

Gp,n
E (Q2) () ⇢p,nch (r2)

<latexit sha1_base64="eDyg0VeBtZ0SUB0gdBki5RPDCFU="></latexit>

Fourier transform

Textbook physics  
since 1950s.



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).



Silva, Urbano, HChK, PTEP, 2018

Proton & neutron EM fom factors



Transverse charge density

⇢�ch(b) =

Z 1

0

dQ

2⇡
QJ0(Qb)F�

1 (Q
2)

G.A. Miller, PRL 99, 112001 (2007)

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

Inside an unpolarized nucleon

⇢�T (b) = ⇢�ch(b)� sin(�b � �S)
1

2MN

Z 1

0

dQ

2⇡
Q2J1(Qb)F�

2 (Q
2)

Inside an polarized nucleon
Carlson and Vanderhaeghen, PRL 100, 032004



Silva, Urbano, HChK, PTEP, (2018)

Proton & neutron transverse charge densities
Transverse charge densities inside an unpolarized proton

Centered positive charge distribution

Long positive tail: 
Possible positive 
pion cloud? 



Silva, Urbano, HChK, PTEP, (2018)

Proton & neutron transverse charge densities
Transverse charge densities inside an unpolarized neutron

Surprisingly, negative charge distribution in the center of the neutron!



Silva, Urbano, HChK, PTEP, (2018)

Proton & neutron transverse charge densities
2D transverse charge density

Negative!

Relativistically invariant!

3D charge density

Positive!

Nonrelativistic!



Silva, Urbano, HChK, PTEP, (2018)

Proton & neutron transverse charge densities
Transverse charge densities inside an polarized nucleon

Direction of 
the polarization



Silva, Urbano, HChK, PTEP, (2018)

Proton & neutron transverse charge densities

bx

by

~B

Nucleon polarization along the x axis: 
Magnetic dipole field B

~E0 = ��(~v ⇥ ~B)

Induced  electric dipole field along the 
negative y axis: Relativistic effects

Carlson, Vanderhaeghen, PRL 100, 032004

Note that the neutron anomalous magnetic moment is negative! 



Silva, Urbano, HChK, PTEP, (2018)

Up quark FFs

Down quark FFs

Strange quark FFs

Flavor structure



Silva, Urbano, HChK, PTEP, (2018)

Flavor structure

Nucleon polarized along the x direction



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.



Multipole patter in the transverse plane
Preliminary results (J.-Y. Kim & HChK)�+

<latexit sha1_base64="2X3Cj0Eb/TPtZrb3JZBZ92mV1l8=">AAAB/3icdVBNS8NAEJ34WetX1aOXxSIIQknaanss6sFjBfsBbSyb7aZdutmE3Y1QQg/+Ba969yZe/Sle/SVu2wha9MHA470ZZuZ5EWdK2/aHtbS8srq2ntnIbm5t7+zm9vabKowloQ0S8lC2PawoZ4I2NNOctiNJceBx2vJGl1O/dU+lYqG41eOIugEeCOYzgrWR2t0ryjW+O+3l8nbBdkrn1TNkyAyGVCrlYqmKnFTJQ4p6L/ fZ7YckDqjQhGOlOo4daTfBUjPC6STbjRWNMBnhAe0YKnBAlZvM7p2gY6P0kR9KU0KjmfpzIsGBUuPAM50B1kO16E3FPz0vWNis/aqbMBHFmgoyX+zHHOkQTcNAfSYp0XxsCCaSmdsRGWKJiTaRZU0o35+j/0mzWHBKheJNOV+7SOPJwCEcwQk4UIEaXEMdGkCAwyM8wbP1YL1Yr9bbvHXJSmcO4Bes9y8vl5Z5</latexit>



Gravitational Form factors  
of  

the pion & Nucleon



Gravitational form factors

H(p)

H
0(p0)

gµ⌫
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Graviton: To weak to probe the EMT 
structure of a hadron

�S

�gµ⌫
= 0

<latexit sha1_base64="WM88SxVIuA/fcOpzBc6iry8522Y="></latexit>

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



Stability

P =
3M

f2
⇡M̄

(mh ̄ i+m2
⇡f

2
⇡) = 0

<latexit sha1_base64="G5ixfetfYbnTz0/t3sh9/c/BDW0="></latexit>

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



Stability

Nucleon: The stability is guaranteed by the balance between  
the pion and rho mesons (Skyrme picture). 

Original Skyrme model pi-rho-omega model

J.H. Jung, U. Yakhshiev, HChK, J.Phys. G41 (2014) 055107
HChK, P. Schweitzer, U. Yakhshiev, PLB 718 (2012) 625Cebulla et al., NPA794 (2007) 87



Spin structure  
of  

the Nucleon



Tensor form factors

hNs0(p
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µ
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�
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�
T (q
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2M
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4⇤
�N 1

2
(p⇥)|⌅†�kqk⇥�⌅|N 1

2
(p)⇥

��
T = �H�

T (0)�H��
T (0)

Together  with  the  anomalous  magnetic  moment,  this  will  allow  us  to 
describe the transverse spin quark densities inside the nucleon.



Scale dependence

Tensor charges and anomalous tensor magnetic moments are 
scale-dependent.

�q(µ2) =

✓
↵S(µ2)

↵S(µ2
i
)

◆4/27 
1� 337

486⇡

�
↵S(µ

2
i
)� ↵S(µ

2)
��

�q(µ2
i
) ,

↵NLO

S
(µ2) =

4⇡

9 ln(µ2/⇤2
QCD)

"
1� 64

81

ln ln(µ2/⇤2
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ln(µ2/⇤2
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#

⇤QCD = 0.248GeV M. Gluck, E. Reya, and A. Vogt, Z.Phys. C 67, 433(1995).



Comparison with Axial-vector constants

g�T > g�A

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022

HChK, M. Polyakov, K. Goeke, PRD 53, 4715R (1996)



Results

Proton This work SU(2) Lattice SIDIS NR
|�d/�u| 0.30 0.36 0.25 0.42+0.0003

�0.20 0.25

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022

[16] M. Anselmino et al.  Nucl. Phys. B, Proc. Suppl. 191, 98 (2009)

[21] M. Goeckeler et al., PLB 627, 113 (2005) 



Results
Up and down tensor form factors 
compared with the axial-vector ones 

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022



Results
Strange tensor form factors  
compared with  
the axial-vector ones 

T. Ledwig, A. Silva, HChK, Phys. Rev. D 82 (2010) 034022



Transverse spin density

⌅(b, S, s) =
1

2

⇧
H(b2)� Si⇥ijbj

1

MN

⇧E(b2)

⇧b2
� si⇥ijbj

1

MN

⇧⇤T (b2)

⇧b2

+ siSi

⌃
HT (b

2)� 1

4M2
N

⇥2H̃T (b
2)

⌥

+ si
�
2bibj � b2�ij

⇥
Sj 1

M2
N

⇤
⇧

⇧b2

⌅2

H̃T (b
2)

�
,

F�(b2) =

� �

0

dQ

2�
QJ0(bQ)F�(Q2)

H(b2) = F1(b
2), E(b2) = F2(b

2)

]

[S, s] = [(1, 0), (0, 0)], [S, s] = [(0, 0), (1, 0)]

M. Diehl & Ph. Haegler, Euro.Phys. J., C 44 (2005) 87.



Transverse spin density
6

FIG. 4. Transverse up and down quark spin densities of the nucleon from the �QSM with the lowest moment. In the upper
left panel, the density of unpolarized quarks in a transversely polarized nucleon ([S, s] = [(1, 0), (0, 0)]) is drawn and in the
upper right panel, that of transversely polarized quarks in a unpolarized nucleon ([S, s] = [(0, 0), (1, 0)]). In the lower panel,
we plot the down quark densities.

[S, s] = [(1, 0), (0, 0)], it is shown from Fig. 4 that the down quark density is more distorted in the negative direction
of by, compared to the up quark density. The reason can be found in the fact that firstly the down anomalous magnetic
moment (�1.80µN ) is negative and its absolute value is larger than the up one (1.35µN ). Secondly, the down Pauli
form factor falls o� more slowly than that of the up quark. As for the [S, s] = [(1, 0), (0, 0)], the tensor anomalous
magnetic moments come into play. Since both �u

T and �d
T are positive, the both transverse spin densities are deformed

in the direction of the positive by. Moreover, the form factor �d
T falls o� rather more slowly than �u

T as shown in
Fig. 2, the density for the down quark is more strongly deformed. Note that the Q2 dependence of the form factors
play a more important role in governing the deformation of the densities. The results for the transverse up and down
quark spin densities of the nucleon with the lowest moment are very similar to those from the lattice calculation [17]
and as a result we can draw similar conclusions.

Since both the strange Pauli form factor and tensor anomalous magnetic form factor turn out to be rather small,
we can expect that the strength of the strange densities will be rather small. Nevertheless, it is of great interest to see
how much the transverse strange densities are distorted. Figure 5 plots the transverse strange quark spin densities
with the lowest moment. Note that the magnitudes of the densities are smaller than those of the up and down quarks
by an order of magnitude.

It is interesting to see that the density of unpolarized strange quarks in a polarized nucleon is negatively shifted.
It is due to the fact that the strange Pauli form factor F s

2 turns negative from Q2 ⇥ 0.2GeV2. This negative values

Up quark transverse spin density inside a nucleon

the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).
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[11] Ph. Hägler, Phys. Lett. B 594, 164 (2004); Z. Chen and

X. Ji, Phys. Rev. D 71, 016003 (2005).
[12] J. C. Collins and M. Diehl, Phys. Rev. D 61, 114015

(2000); D. Y. Ivanov et al., Phys. Lett. B 550 , 65 (2002).
[13] A. Ali Khan et al., Phys. Rev. D 74, 094508 (2006).
[14] C. Aubin et al., Phys. Rev. D 70 , 094505 (2004).
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M. Göckeler et al., Nucl. Phys. B544, 699 (1999).
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FIG. 5 (color online). Second moment (n! 2) of transverse
spin densities. For details, see caption of Fig. 4.

 

FIG. 4 (color online). Lowest moment (n! 1) of the densities
of unpolarized quarks in a transversely polarized nucleon (left)
and transversely polarized quarks in an unpolarized nucleon
(right) for up (upper plots) and down (lower plots) quarks. The
quark spins (inner arrows) and nucleon spins (outer arrows) are
oriented in the transverse plane as indicated.
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FIG. 4: Transverse up and down quark spin densities with the lowest moment of the nucleon from the �QSM. In the upper left
panel, the density of unpolarized quarks in a transversely polarized nucleon ([S, s] = [(1, 0), (0, 0)]) is drawn and in the upper
right panel, that of transversely polarized quarks in a unpolarized nucleon ([S, s] = [(0, 0), (1, 0)]). In the lower panel, we plot
the down quark densities.

the width of the profile gets narrower and more peaked. On the contrary, the transverse down quark spin density for
the unpolarized quarks in a polarized nucleon is changed to the negative by direction and shows an obvious distortion.
That for the polarized quarks in an unpolarized nucleon is shifted to the positive by direction and distorted again.

Figure 7 shows the profiles of the transverse strange quark spin densities with bx = 0. Interestingly, the density
for the unpolarized strange quarks in a polarized nucleon is only slightly modified. In contrast, the polarized strange
quarks are strongly redistributed in an unpolarized nucleon. As a result, the peak position is shifted to the positive by
direction and becomes sharper. Moreover, the density becomes even more negative for the negative value of by than
for the positive by.

5. We investigated the transverse quark spin densities of the nucleon with the lowest moment, using the results of
the vector and tensor form factors derived from the SU(3) chiral quark-soliton model. we first recapitulated the flavor-
decomposed anomalous vector and tensor magnetic form factors as functions of the momentum transfer. For numerical
convenience, we made parametrizations of the form factors. Having combined these form factors and performed the
Fourier transformations, we evaluated the transverse quark spin densities of the nucleon with the lowest moment. We
considered two di�erent cases, the density of unpolarized quarks in a polarized nucleon and that of polarized quarks
in an unpolarized nucleon. The results turned out to be rather similar to the lattice QCD ones. Transversly polarized

Down quark transverse spin density inside a nucleon

the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).
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[17] M. Göckeler et al., Phys. Rev. Lett. 92, 042002 (2004).
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FIG. 4 (color online). Lowest moment (n! 1) of the densities
of unpolarized quarks in a transversely polarized nucleon (left)
and transversely polarized quarks in an unpolarized nucleon
(right) for up (upper plots) and down (lower plots) quarks. The
quark spins (inner arrows) and nucleon spins (outer arrows) are
oriented in the transverse plane as indicated.
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FIG. 5: Transverse strange quark spin densities of the nucleon from the �QSM with the lowest moment. In the left panel,
the density of unpolarized strange quarks in a transversely polarized nucleon ([S, s] = [(1, 0), (0, 0)]) is drawn and in the right
panel, that of transversely polarized strange quarks in an unpolarized nucleon ([S, s] = [(0, 0), (1, 0)]).

quarks in an unpolarized proton are both shifted to the positive direction of bx. The shift is more prominent than
the one occuring for unpolarized quarks in a polarized proton, where the density for the u-quark is shifted to positive
and that of the d-quark to the negative by direction.

We presented in this work the first result of the transverse strange quark spin densities. Since the magnitudes of
strange Pauli and anomalous tensor magnetic form factors are rather small, the strange densities turn out to be much
smaller than those for the up and down quarks. However, the density for polarized strange quarks in an unpolarized
nucleon is noticeably distorted in the direction of the positive by and becomes more negative for the negative values
of by.

In the present work, we considered only the transverse spin densities with the lowest moment. The generalized form
factors with higher moments can be calculated in principle within the framework of the chiral quark-soliton model.
However, we need to consider them carefully because of the presence of the derivative operators. The corresponding
work is under progress. So far, we did not consider other cases of the transverse polarizations such as [(1, 0), (1, 0)]
for which one requires information on the form factor H̃T and its derivative. However, we found that this form factor
showed a numerically sensitivity. A related work addressing that is under way.
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Strange quark transverse spin density inside a nucleon

This is the first result of the strange quark transverse 
spin density inside a nucleon
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Spin structure  
of  

the Pion



What we know about the Pion

Experimentally, we know about the pion 

• Pion Mass = 139.57 MeV 
• Pion Spin: S = 0

Theoretically 

• pseudo-Goldstone boson 
• The lowest-lying mesons  

(1 q + 1anti-q + sea quarks + gluons + …)

Their structures are simpler than that of the nucleon but messy enough!



The spin structure of the pion

xP

x

y

zb�

Vector & Tensor Form factors of the pion 

u

d̄

Pion: Spin S=0

Internal spin structure of the pion

h⇡(p0)| ̄�3�5 |⇡(p)i = 0

Longitudinal spin structure is trivial.

What about the transversely polarized quarks 
inside a pion?



Comparison with Axial-vector constants

Spin probability densities in the transverse plane 
An0: Vector densities of  the pion,      Bn0: Tensor densities of the pion 

Vector and Tensor form factors of the pion

h⇡(pf )| †�µQ̂ |⇡(pi)i = (pi + pf )A10(q
2)



Gauged effective chiral action

µ � 600MeV� � 0.3 fm, R � 1 fm

Dµ = @µ � i�µVµ

The nonlocal chiral quark model from the instanton vacuum

• Fully relativistically field theoretic model.
• “Derived” from QCD via the Instanton vacuum.
• Renormalization scale is naturally given.
•No free parameter

Gauged Effective Nonlocal Chiral Action

Musakhanov & H.-Ch. K, Phys. Lett. B 572, 181-188 (2003) 
H.-Ch.K, M. Musakhanov, M. Siddikov Phys. Lett. B 608, 95 (2005).
D. Diakonov & V. Petrov Nucl.Phys. B272 (1986) 457

Se↵ = �NcTr ln
h
i /D + im+ i

p
M(iD,m)U�5

p
M(iD,m)

i

Dilute instanton liquid ensemble



EM form factors of the pion

�
�r2⇥ = 0.675 fm

�
�r2⇥ = 0.672± 0.008 fm (Exp)

h⇡(pf )| †�µQ̂ |⇡(pi)i = (pi + pf )A10(q
2)

EM form factor (A10 )

S.i. Nam & HChK, Phys. Rev. D77 (2008) 094014

M(Phen.): 0.714 GeV 

M(Lattice): 0.727 GeV 

M(XQM): 0.738 GeV



EM form factors of the pion

Brommel et al. PRL101

S.i. Nam & H.-Ch.K, Phys. Lett. B 700, 305 (2011).

For the kaon, S.i. Nam & HChK, Phys. Lett. B707, 546 (2012) 

B10(Q
2, µ) = B10(Q

2, µ0)


↵(µ)

↵(µ0)

��/2�0

�1 = 8/3, �2 = 8, �0 = 11Nc/3� 2Nf/3

RG equation for the tensor form factor

B10(Q
2) = B10(0)


1 +

Q2

pm2
p

��p

p-pole parametrization for the form factor



Spin density of the quark inside a pion

Polarization

Unpolarized Polarized

spin



Spin density of the quark inside a pion

Results are in a good agreement with the lattice calculation!

Significant distortion appears for the polarized quark! 



Summary & Outlook



Summary

In the present talk, we aimed at reviewing a certain  
aspect on the transverse spin structure of the nucleon. 
We discussed first the transverse charge densities and  
its conceptual difference from the traditional 3D charge  
densities. 
We briefly discussed the gravitational form factors of the  
pion and nucleon. 
Finally, we presented recent results of the transverse spin  
structure of the nucleon and pion. 
Though we haven’t shown the kaon, its spin structure was  
also studied.



Outlook

The same method can be extended to heavy hadrons. 

Quasi parton distribution (Comparison with the lattice data) 

GPDs of the pion and nucleon 

TMDs of the nucleon 

 Wigner functions in the XQSM

To investigate the spin structure of the nucleon, it is  
essential to use a field-theoretic approach such as the  
chiral quark-soliton model (both the valence-quark and  
vacuum polarization effects included).



Hamlet Act 2, Scene 2 
by Shakespeare

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

Thank you very much for the attention!


